Design of novel nano-carriers for multi-enzyme co-localization by Jia, Feng
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2013
Design of novel nano-carriers for multi-enzyme co-
localization
Feng Jia
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Biochemistry Commons, Chemical Engineering Commons, and the Nanoscience and
Nanotechnology Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Jia, Feng, "Design of novel nano-carriers for multi-enzyme co-localization" (2013). Graduate Theses and Dissertations. 13378.
https://lib.dr.iastate.edu/etd/13378
  
Design of novel nano-carriers for multi-enzyme co-localization 
 
 
 
 
by 
 
Feng Jia 
 
 
 
A dissertation submitted to the graduate faculty 
In partial fulfillment of requirements for the degree of 
DOCTOR OF PHILOSOPHY 
 
 
 
 
Major: Chemical Engineering 
 
 
 
 
Program of Study Committee 
Balaji Narasimhan, Co-major Professor 
Surya K Mallapragada, Co-major Professor 
Ian C Schneider 
Reuben J Peters 
Malika Jeffries-EL 
 
 
 
 
 
 
Iowa State University 
Ames, Iowa 
2013 
 
 
 
 
 
Copyright © Feng Jia, 2013. All rights reserved.   
ii 
                                                   Table of Contents 
List of Figures....................................................................................................................... vi 
List of Tables ......................................................................................................................... x 
ACKNOWLEDGEMENTS..................................................................................................... xi 
ABSTRACT ........................................................................................................................ xiv 
Chapter 1 Introduction and objectives .................................................................................. 1 
1.1 Objectives ................................................................................................................... 3 
1.2 Dissertation organization ............................................................................................ 3 
References ....................................................................................................................... 5 
Chapter 2 Strategies for multi-enzyme immobilization and co-localization: a review ............. 8 
Abstract ............................................................................................................................ 8 
2.1 Introduction ................................................................................................................. 9 
2.2 Attachment techniques ..............................................................................................12 
 Multi-point covalent binding .................................................................................13 2.2.1
 Physical entrapment ............................................................................................14 2.2.2
 Physical adsorption .............................................................................................15 2.2.3
 Site-specific affinity attachment ...........................................................................16 2.2.4
 DNA hybridization directed self-assembly............................................................18 2.2.5
2.3 Platforms for enzyme immobilization and co-localization ...........................................19 
 Porous materials .................................................................................................19 2.3.1
 Non-porous nanoparticles ...................................................................................22 2.3.2
2.4 Conclusions and future perspectives .........................................................................26 
Acknowledgments............................................................................................................29 
References ......................................................................................................................29 
Chapter 3 Novel sequential co-localization of multiple enzymes on multifunctional 
nanoparticles .......................................................................................................................49 
Abstract ...........................................................................................................................49 
3.1 Introduction ................................................................................................................49 
3.2 Materials and Methods ...............................................................................................52 
 Chemicals ...........................................................................................................52 3.2.1
 Partial biotinylation of C-PS nanoparticles ...........................................................53 3.2.2
 Biotin quantification .............................................................................................53 3.2.3
 GOX immobilization on B/C-PS beads ................................................................54 3.2.4
iii 
 SHRP immobilization on B/C-PS nanoparticles ...................................................54 3.2.5
 Simultaneous co-localization of multiple enzymes ...............................................55 3.2.6
 Sequential co-localization of multiple enzymes ....................................................55 3.2.7
 Enzyme activity assays .......................................................................................56 3.2.8
3.3 Results and Discussion ..............................................................................................57 
 Biotinylation of C-PS nanoparticles......................................................................57 3.3.1
 Single enzyme immobilization and kinetic performance .......................................58 3.3.2
 Simultaneous co-localization on C-PS nanoparticles ...........................................59 3.3.3
 Optimal GOX:SHRP ratio for resorufin production ...............................................60 3.3.4
 Sequential co-localization of GOX and SHRP on B/C-PS nanoparticles ..............61 3.3.5
3.4 Conclusions ...............................................................................................................62 
References ......................................................................................................................63 
Chapter 4 Block Copolymer-Quantum Dot Micelles for Multi-enzyme Co-localization ..........73 
Abstract ...........................................................................................................................73 
4.1 Introduction ................................................................................................................74 
4.2 Experimental Section .................................................................................................76 
 Chemicals ...........................................................................................................76 4.2.1
 Fabrication of PLQD micelles ..............................................................................76 4.2.2
 Enzyme labeling ..................................................................................................77 4.2.3
 Adsorption of single enzymes onto PLQD micelles ..............................................77 4.2.4
 Multi-enzyme co-localization on PLQD micelles ..................................................78 4.2.5
 Single enzyme adsorption and multi-enzyme co-localization using FRET ............78 4.2.6
 Enzyme assays ...................................................................................................78 4.2.7
 Statistical Analysis ...............................................................................................79 4.2.8
4.3 Results and Discussion ..............................................................................................79 
 Adsorption of single enzymes on PLQDs ............................................................79 4.3.1
 FRET study between QDs and dye-conjugated enzymes ....................................80 4.3.2
 Catalytic performance of single enzymes adsorbed on PLQDs ...........................81 4.3.3
 Co-localization of GOX-AF594 and AF-647-HRP on PLQD micelles ...................82 4.3.4
4.4 Conclusions ...............................................................................................................83 
References ......................................................................................................................84 
Chapter 5 Multi-enzyme immobilization and co-localization on nanoparticles assisted by 
DNA hybridization ...............................................................................................................93 
iv 
Abstract ...........................................................................................................................93 
5.1 Introduction ................................................................................................................94 
5.2 Materials and Methods ...............................................................................................97 
 Chemicals ...........................................................................................................97 5.2.1
 Biotinylated DNA attachment onto SHRP, AGOX and S-PS nanopartilces ..........97 5.2.2
 Co-localization of DNA by hybridization studied by FRET ....................................98 5.2.3
 Co-localization of DNA-enzymes characterized by FRET ....................................98 5.2.4
 SHRP and AGOX immobilization on S-PS via DNA hybridization ........................99 5.2.5
 SHRP and AGOX co-localization on S-PS via DNA hybridization ........................99 5.2.6
 Enzyme kinetics assay ........................................................................................99 5.2.7
5.3 Results and Discussion ............................................................................................ 100 
 Carrier DNA attachment study ........................................................................... 100 5.3.1
 DNA hybridization study by FRET ..................................................................... 100 5.3.2
 Co-localization two tag DNAs characterized by FRET ....................................... 100 5.3.3
 Co-localization of SHRP and AGOX by FRET study .......................................... 101 5.3.4
 SHRP immobilization on SPS nanoparticles via DNA hybridization ................... 101 5.3.5
 AGOX immobilization on SPS nanoparticles via DNA hybridization ................... 102 5.3.6
 Kinetic enhancement by co-localizing the enzymes ........................................... 103 5.3.7
 Stability of co-localizedSHRP and AGOX .......................................................... 104 5.3.8
5.4 Conclusions ............................................................................................................. 104 
Acknowledgements ........................................................................................................ 105 
References .................................................................................................................... 105 
Chapter 6 Conclusions ...................................................................................................... 118 
Chapter 7 Ongoing work and future directions................................................................... 124 
7.1 Multi-enzyme co-localization for flavan-3-ol biosynthesis ......................................... 124 
 Introduction and background ............................................................................. 124 7.1.1
 Materials and Methods ...................................................................................... 125 7.1.2
 Preliminary Results ........................................................................................... 127 7.1.3
 Future work ....................................................................................................... 128 7.1.4
7.2 AgAS enzyme system .............................................................................................. 129 
 Introduction ....................................................................................................... 129 7.2.1
 Materials and Methods ...................................................................................... 129 7.2.2
 Preliminary Results ........................................................................................... 130 7.2.3
v 
 Future Work ...................................................................................................... 131 7.2.4
7.3 Sclareol biosynthesis ............................................................................................... 131 
References .................................................................................................................... 132 
 
 
 
  
vi 
List of Figures 
Figure 1.1 Biosynthesis pathway of sclareol with involvement of NgCPS and sSsSS 
enzymes.  ............................................................................................................ 7 
Figure 2.1 Illustration of representative examples of physical entrapment, covalent 
binding (amide bond formed by carboxyl and amine groups), physical 
adsorption (ionic interaction), affinity binding (biotin-streptavidin interaction), 
and DNA hybridization directed self-assembly of enzymes on carriers ............... 36 
Figure 2.2 (A) Scheme of GOX covalently immobilized on Fe3O4 nanoparticles. (B) 
Temporal dependence of oxygen consumption during oxidation of glucose 
by GOX: monitoring I0/I of Ru(phen)3 solutions (I0 is the initial fluorescence 
intensity; I is the fluorescence intensity at a given time interval). a. blank 
control experiment with no enzymes during the enzymatic reaction. Glucose 
oxidase–magnetite nanoparticles prepared by b. physical adsorption c. 
covalent coupling. and d free enzyme.. .............................................................. 36 
Figure 2.3 (A) Photograph of the CA–Zr gel fiber-immobilized malic enzyme and 
alanine dehydrogenase. (B) Productivity maintained after multiple uses.. .......... 37 
Figure 2.4Scheme of GOX and HRP co-localization on silica microparticles via 
polyelectrolyte layers. (b) Kinetic enhancement by co-localizing multiple 
enzymes compared to mixture of homogeneous enzymes. ................................ 38 
Figure 2.5 (A) Confocal laser scanning microscopic image of ball-in-ball particles with 
distinct dyes in two compartments and dimension of shell-in-shell 
microcapsule and schematic illustration of the particle structure. (B) SEM 
images of ball-in-ball particles (type II). Intact (a) and outer compartment (b) 
particles after mechanical particle rupture. c) Cross section of ball-in-ball 
particle. d) Cross section showing intersecting and enclosing PEMs 
(indicated by arrows).. ........................................................................................ 39 
Figure 2.6 (A) Two strategies for site-specific enzyme immobilization: poly(ethylene 
glycol) surface-functionalized magnetic nanoparticles were used for water-
soluble enzyme immobilization and protein surface-functionalized magnetic 
nanoparticles were suitable for membrane-bound enzyme immobilization. 
(B) Separated immobilized enzyme mixture retained about 50% activity 
after using ten times.. ......................................................................................... 40 
Figure 2.7 (A) Schematic illustration of microdevice used to demonstrate multiple, 
sequential reactions. (B) FM of the inlet stream just before it enters the 
HRP microreactor (region 1 in (A)). (C) Fluorescence intensity line scans at 
the locations indicated by the dashed line in (B). (D) FM of the outlet stream 
just after exiting the HRP microreactor (region 2 in (A)). (E) Fluorescence 
intensity line scans at the locations indicated by the dashed line in (D). 
Excitation wavelength: 563 nm; maximum emission wavelength: 587 nm. 
The flow rate was 0.5 µL/min in all cases.. ......................................................... 41 
Figure 2.8 Graphical representation of the effect of spatial proximity on the activity of 
bi-enzymatic constructs. The heights of the histograms (C) correspond to 
the overall enzymatic activities obtained from conjugates (A) immobilized 
vii 
through random hybridization (grey bars) or (B) from assembly in direct 
proximity at a DNA carrier strand (dark bars).. ................................................... 42 
Figure 2.9 Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-
like DNA scaffolds, their imaging and their functional characterization. 
Assembly of the GOx and HRP enzymes on two-hexagon (A) and four-
hexagon (B) strips.. ............................................................................................ 43 
Figure 2.10 Schematic of the photopatterning process. (A) Protein is immobilized to 
the surface of a polymer monolith in patterned regions within a microfluidic 
channel. (B) PEG is grafted to the surface of the polymer monolith to 
prevent non-specific protein adsorption. Vinyl azlactone is photopatterned 
onto the PEG surface and activates the surface for protein immobilization. 
(C) Azlactone functionality reacts with amines of proteins to form a covalent 
amide bond between the protein and the polymer monolith surface.. ................. 44 
Figure 2.11Schemes of co-localizing MDH and CS on gold nanoparticles in three 
configurations and the comparison of corresponding sequential enzymatic 
activity.. .............................................................................................................. 45 
Figure 2.12 Enzyme immobilization and co-localization on PLQD micelles. (A) The 
representative strategies used including sequential adsorption of single 
enzymes and co-localization of multiple enzymes. (B) Overall product 
conversion rate comparison of co-localized enzymes and equivalent free 
enzyme mixture.................................................................................................. 46 
Figure 2.13 (A) Schemes of single enzyme immobilization and multi-enzyme co-
localization on bi-functional PS nanoparticles. (B) The kinetics of the overall 
product yield was improved by 2-fold in comparison to a free enzyme 
combination and individually immobilized enzyme mixture.. ............................... 47 
Figure 3.1 Schematic of single enzyme immobilization and sequential co-localization 
strategy. ............................................................................................................. 66 
Figure 3.2 Comparison of the reaction kinetics catalyzed by equivalent free and 
immobilized GOX. (A) Product formation versus time for free GOX. (B) 
Product formation versus time for GOX-B/C-PS (C) The initial reaction rate 
as a function of glucose concentration. .............................................................. 67 
Figure 3.3 Comparison of the reaction kinetics catalyzed by equivalent free and 
immobilized SHRP. (A) Product formation versus time for free SHRP. (B) 
Product formation versus time for SHRP-B/C-PS (C) The initial reaction rate 
as a function of glucose concentration. .............................................................. 68 
Figure 3.4 Comparison of the overall conversion rate catalyzed by simultaneous 
covalent co-localization of enzymes with that catalyzed by simultaneous 
adsorption of enzymes. ...................................................................................... 69 
Figure 3.5 The overall conversion rate catalyzed by different molar ratios of free GOX 
and SHRP. The GOX concentration in all the assays was 0.005 nmol/mL 
and appropriate amounts of SHRP were added to make the GOX:SHRP 
molar ratio 1:15, 1:7, 1:1 and 3:1. ...................................................................... 70 
Figure 3.6 Comparison of the performance of sequentially co-localized enzymes with 
equivalent amount of mixtures of single immobilized enzymes and free 
viii 
enzymes in solution. Each assay contained 0.02 nmol/mL GOX and 0.06 
nmol/mL SHRP on the nanoparticles or in solution. ........................................... 71 
Figure 3.7 Observation of simultaneous co-localization of GOX and SHRP on C-PS 
nanoparticles using epi-fluorescence microscopy. Representative yellow 
areas are indicated by the white arrows. Scale bar: 10 µm. ............................... 72 
Figure 4.1 Schematic representation of the strategies for adsorption of single enzymes 
(top) and co-localization of multiple enzymes (bottom) on Pluronic®-QD 
(PLQD) micelles. Note that the polymers, QDs and enzymes are 
approximately drawn to scale. ............................................................................ 86 
Figure 4.2 Size distribution of PLQD micelles characterized by DLS: (a) after 
adsorption of GOX-AF594 at three different concentrations; and (b) after 
adsorption of HRP-AF594 at two different concentrations. ................................. 87 
Figure 4.3 Demonstration of FRET between the QDs and AF594 dye-conjugated 
enzyme: (a) GOX-AF594 and (b) HRP-AF594. The arrow indicates 
quenching of the primary peak at 570 nm. In each figure, the fluorescence 
intensities of samples with enzymes or dye-enzymes were normalized to 
that of PLQD micelles. ....................................................................................... 88 
Figure 4.4 Initial reaction rate as a function of substrate concentration for: (a) free and 
adsorbed GOX-AF594 and (b) free and adsorbed HRP-AF594. ......................... 89 
Figure 4.5 Demonstration of FRET between GOX-AF594 and HRP-AF647 co-localized 
on PLQD micelles. The arrow indicates quenching of the AF594 dye in the 
presence of the AF647 dye. ............................................................................... 90 
Figure 4.6 Resorufin conversion catalyzed by co-localized GOX-AF594 and HRP-
AF647 on PLQD micelles compared to that catalyzed with equivalent 
concentrations of free GOX-AF594 and HRP-AF647 in solution. ....................... 91 
Figure 5.1Schematic approach for co-localizing SHRP and AGOX on PS nanoparticles 
by hybridization of short tag DNA and respective segments on long carrier 
DNA chain. The figure is drawn approximately to scale.................................... 107 
Figure 5.2Hybridization of tag DNA and corresponding complementary segment on 
long DNA chain. (a) free DNA chains in solution (b) carrier DNA on SPS. ....... 108 
Figure 5.3 Co-localization of (a) two tag DNAs chains on carrier DNA chains and (b) 
two enzyme-DNA conjugates characterized by FRET between the two 
fluorescent dyes ............................................................................................... 109 
Figure 5.4SHRP immobilization on SPS via hybridization of tag DNAs with three 
different types of carrier DNA, c(AB), c(BA) and c(AA). .................................... 110 
Figure 5.5 GOX immobilization on SPS via hybridization of tag DNAs with three 
different types of carrier DNA, c(AB), c(BA) and c(AA). .................................... 111 
Figure 5.6 Kinetic enhancement by co-localizing A-SHRP and B-AGOX. .......................... 112 
Figure 5.7 Kinetic enhancement by co-localizing B-SHRP and A-AGOX. .......................... 113 
Figure 5.8 Illustration of lowest DNA densities on flat surface and highest on NPs 
surface ............................................................................................................. 114 
Figure 5.9 Effect of DNA density on enzyme co-localization .............................................. 115 
Figure 5.10Stability of co-localized and immobilized enzymes over time ........................... 116 
Figure 7.1Scheme of cascade reactions catalyzed by DFR, ANS and ANR ...................... 134 
ix 
Figure 7.2 HPLC profile of epicatechin and cyanidin-Cl in MeOH (left) and mobile 
phase (Right). Note split peaks due to use of MeOH as the solvent for the 
standards. HPLC profile of epicatechin and cyanidin-Cl. Replacing MeOH 
with mobile phase as the solvent for the standards eliminates formation of 
split peaks. Mobile Phase: Mixture of 10 parts 1% HCOOH in acetonitrile + 
90 parts 1% HCOOH in water. ......................................................................... 135 
Figure 7.3 HPLC calibration profile for epicatechin. Elimination of split peaks improves 
quantitation. As little as ~0.125 µg of epicatechin was reliably and 
reproducibly detected. ...................................................................................... 136 
Figure 7.4 Determination of Km and Vmax for A. thaliana ANR using cyanidin-Cl as a 
substrate. Concentration range for cyanidin-Cl was from 6-300 µM. 
Epicatechin was detected by HPLC. ................................................................ 137 
Figure 7.5 SEM images of polyCPH (left) and polyCPH-AgAS (right). ............................... 138 
Figure 7.6 Biosynthesis pathway of sclareol with involvement of NgCPS and sSsSS 
enzymes. ......................................................................................................... 139 
 
 
  
x 
List of Tables 
Table 2-1 Summary of recent multiple enzyme co-localization studies ................................ 48 
Table 3-1 Kinetic parameters for free and immobilized enzymes ......................................... 66 
Table 4-1Size and size distribution of PLQDs and enzyme-PLQDs ..................................... 92 
Table 4-2 Comparison of kinetic parameters of free enzymes and enzymes adsorbed 
onto PLQD micelles. No statistically significant differences were observed 
between the parameters of the free enzymes and that of the adsorbed 
enzymes. ............................................................................................................. 92 
Table 5-1DNA sequences used in this work ...................................................................... 117 
Table 5-2 DNA density data used in the enzyme co-localization studies ........................... 117 
Table 6-1comparison of co-localization approaches developed in this dissertation ........... 123 
Table 7-1Km and Vmax values for cyanidin-Cl and epicatechin, respectively. ................... 140 
Table 7-2 Elemental analysis of ANR-conjugated nanoparticles using XPS ...................... 140 
Table 7-3 Quantification of components fitted to of C1s spectra ........................................ 141 
Table 7-4 Elemental analysis of AgAS-conjugated nanoparticles using XPS ..................... 141 
Table 7-5Quantification of components fitted to C1s spectra ............................................. 142 
 
  
xi 
ACKNOWLEDGEMENTS 
I would like to take this opportunity to express my sincere grateful 
appreciatation to all the people who have inspired and helped me throughout my 
PhD study. Without their impacts and supports, I could not write this righ now. 
First of all, I would like to thank my wife Xunpei Liu, who is also graduating in 
two months with a PhD degree in the same major. She has accompanyed me for 
college, master and PhD study for the past ten years as a classmate and best friend. 
Her insightful profesional discussion and suggestions have always been very 
invalable for me. She has also experienced my happyness, frustrations and  always 
been standing behing me to give me the power to get through my PhD study. I am 
so lucky to have her aside. 
Next, I would like to thank my parents, my father, Mr. Jinwei Jia and my 
mother, Mrs. Yi Sun. They have been always supportive thourghout my life. My 
parents did their best to provide me the best education they can offer. They taught 
me how to be a person I am like today. My father has shown me from his real 
practice on how to be a responsible man in the society and his own family. My 
mother always encouraged me to follow my heart to pursure my dream.  No word 
can describe my appreciation for what they have been doing for me.  
I also dedicate my dissertation to my two co-advisors Profs. Balaji 
Narasimhan and Surya Mallapragada. They have been more than good mentors to 
me. They are also good friends who respected me, trusted me and supported me so 
much . Their guidance and supports in my PhD study were extremely important to 
me. Their success in both academy and life have really set a good model for me to 
xii 
follow  not only in my PhD study but also thourghout my life. Without them I could 
not complete my PhD study.  
My project is a multi-discipline collobrateive project, from which I learned how 
to effectively collorobrate with researchers in different discipline. I really appreacte 
our collolaborator, Prof. Reuben Peters, the prestigious professor and scientst in 
plant biology’s guidance on my project. He has provided many unique opinions and 
suggestions from biological perspetive for my research, which has inspired me to 
explore more on our project. I also would like to thank Dr. William Colonna, who I 
worked with closely in the colloborative effort on this project. I have learned much 
from him. Emily Dovenport, Molly Tienan and Kevin Port, the three graduate 
students from Porf. Peters’ group who also work on this project. I really appreciate 
their helps and hard work on this project, as well. 
 I would like to thank my other POS committee professors, Profs. Ian 
Schneider and Malika Jeffries-EL. They have provided me many helpful comments 
and suggustions on my PhD study and inspired me to think more on my research.  
No one can work alone to finish their jobs nowadays, including graduate 
students. I also thank my group members from two research groups. They have 
been really helpful and I have spent most of my time in the lab with them. Group 
memebers from Prof Narasimhan’s group: Dr. Yanjie Zhang, Dr. Kathleen Ross, 
Julia Vela Ramirez, Shannon Haughney, Dr. Tim Brenza, Jonathan Goodman, Dr. 
Latrisha K. Petersen, Dr. Bret Ulery, and Dr. Brenda Carrillo-Conde and Dr. 
Rebecca Cademartiri. Group members from Prof. Mallagragada’s group: Xunpei Liu, 
Dr. William Colonna Justin Adams, Dr. Bingqi Zhang, Dr. Tanya Prozorov, Dr. 
xiii 
Robert J Lipert, , Dr. Mustafa Marti, Anup Dutt Sharma, Metin UZ and Dr. Natia 
Ochkhikidze and Dr. Vikash Malik. 
I also would like to thank the undergraduate students I mentored in the REU 
programs and my PhD study. Their points of view were also important for me . I 
would lIke to thank researchers and scientists I met and talked in my PhD study. 
Iowa State University has an exellent research environment that nurtures so many 
brilliant researchers and scientits in the community. I really appreaciate their helps 
and time on my work as well as the facility and instrument that I can reach out at the 
university. 
 I also would like to thank the faculty and stuff members as well as the friends 
in the chemial and biological engineering department, because they have made me 
feel like to be part of the whole family. I really enjoyed the peaceful life in Ames. 
At last but not least, I would like to thank our finincial support, National 
Science Fundation, who has provided us the finantial supports on our project. 
  
xiv 
ABSTRACT 
The widely existing MECs in Nature have inspired researchers to design synthetic 
analogs to promote the overall catalytic efficiency in vitro by co-localizing multiple enzymes 
to mimic the MECs’ unique functionalities. A number of efforts have been devoted to 
designing synthetic MECs in the past couples of decades. This thesis work has focused on 
developing novel strategies based on enzyme immobilization to design nano-carriers for 
multi-enzyme co-localization to realize kinetics enhancement and strong control of spatial 
arrangement of the enzymes. Three distinct approaches have been designed using different 
attachment methods and platforms  
First, the multifunctional polystyrene nanoparticles were designed for immobilization 
and sequential co-localization of GOX and SHRP enzymes using covalent binding and 
streptavidin-biotin coupling attachment techniques. The sequentially co-localized GOX and 
SHRP on B/C-PS nanoparticles were capable of enhancing the overall conversion rate by 
approximately two-fold compared to the equivalent concentration of free enzymes in solution. 
Secondly, amphiphilic Pluronic-QD micelles were designed to co-localize multiple enzymes 
to investigate the effect of a more flexible substrate compared to the rigid polystyrene 
particles. FRET was used to characterize the adsorption of single enzymes and co-
localization of multiple enzymes on the micelles. The two co-localized enzymes enhanced 
the overall conversion rate by ~100% compared to the equivalent concentration of free 
enzymes in solution, which is very comparable to the findings in the first study. To further 
investigate the spatial arrangement impact on enzyme co-localization, the precise DNA 
hybridization was investigated to direct multi-enzyme co-localization on PS nanoparticles. It 
was found that the co-localized GOX and HRP via DNA hybridization significantly improved 
the overall reaction efficiency by close to 200% as compared to single enzyme 
immobilization mixture. The co-localized enzymes also exhibited well stability over time.  
xv 
 In summary, the current research has demonstrated the superior potential of co-
localized multiple enzymes in terms of kinetically-driven benefits. The spatial arrangement 
plays a significant role in mimicking the MECs in vitro. Looking forward, the design of 
sustainable and re-usable multi-enzyme biocatalysts would lead to both scientifically exciting 
research as well as economically viable designs for next generation catalysts and 
biosensors. 
 
 
1 
Chapter 1 Introduction and objectives 
Enzymes, Nature’s highly specific catalysts, have played a significant role in 
metabolism of living organisms, where they are involved in several essential processes such 
as protein synthesis, DNA replication and transcription, signal transduction, cell regulation 
and energy generation.1–6 Multiple enzymes, which work cooperatively to catalyze cascaded 
reactions, are sometimes associated and organize compactly to form multi-enzyme 
complexes (MECs) containing multiple catalytic centers with highly proximate active sites.7–
11 MECs promote the reaction efficiency in enabling rapid transport of the reactive 
intermediates among the active sites to avoid major losses caused by diffusion and maintain 
high local concentration of intermediates. 12–16  
Although enzymes possess tremendous powerful functionalities in vivo, they have 
limitations for application in the in vitro environment due to their vulnerable delicate 
structures and short bioactive lifetimes. The enzyme proteins are relatively unstable to 
changes of local environment (e. g., pH or temperature) due to the induced unfavorable 
structural changes, which are critical for enzyme specific functionalities. In addition, if 
enzymes are in solution, it makes separation of enzymes from the reaction products and 
reusability difficult. To overcome these drawbacks, enzyme immobilization techniques have 
been developed, where enzymes are attached or entrapped physically or chemically to a 
support material to stabilize the enzymes and prevent free movement through the reaction 
medium. Through immobilization, enzymes can acquire characteristics such as enhanced 
catalytic performance and stability under optimal harsh process reactions environments 
(extreme pH, temperature and organic solvent), facile separation from the reaction medium, 
and efficient recovery of enzymes for economic multiple uses. 17–19 Immobilized enzymes 
biocatalysts have been widely used in in food processing, pharmaceuticals, chemical 
transformation, detergent applications, bioremediation, biosensors, and biofuel cells.  
2 
The success in single enzyme immobilization and the highly efficient catalytic 
mechanism of MECs have inspired researchers to devote efforts to bring naturally existing 
MECs in vitro with delicate engineering design. 20–22 Since multiple enzyme co-localization is 
derived from single enzyme immobilization, the challenges faced in multi-enzyme co-
localization are much more daunting than immobilization of single enzymes. For instance, 
appropriate attachment techniques need to be adopted; otherwise, strong non-specific 
interactions between amphiphilic proteins and hydrophobic surfaces could induce unwanted 
structural change to jeopardize the enzymatic activity. The advances in materials science 
provide more options for platforms, from which the researchers can compare and provide 
the most appropriate carriers to maximize the performance in terms of optimizing loading 
quantity stabilizing the enzymes and enzymatic activity.  The involvement of multiple 
enzymes makes the design of co-localization strategies including selection of attachment 
techniques, platforms more complicated. The different properties of the various enzymes 
require researchers to take each component into consideration to optimize the co-
localization process.  In addition, unlike single enzyme immobilization, the unique challenge 
in co-localization is how to effectively control the relative positions of multiple enzymes on 
the platform.  In the native MECs, the enzyme subunit components are associated tightly to 
enable of highly cooperative catalytic mechanism. Therefore, to mimic the functionality of 
MECs, maximizing the proximity of the active sites on different enzymes in co-localization is 
very critical. 
In Nature, such multi-enzyme co-localization concepts are used to control 
biosynthetic pathways and enhance the desired reaction efficiency. In the natural 
biosynthesis of sclareol, which is a fragrant chemical product existing in the plant Salvia 
sclarea, two types of enzymes catalyzing class II and class I reactions, are critical in 
mediating the sequential pathway as illustrated in figure 1.1.23 A biosynthetic approach co-
3 
localizing the two enzymes on nanocarriers to mimic naturally occurring MEC can potentially 
improve the product yield significantly and lead to industrial applications.  The broad goal of 
this work is to design bioinspired MECs in vitro using materials-based approaches to co-
localize enzymes on nanocarriers. 
1.1 Objectives 
The main objective of this project is to design novel nano-structured carriers and 
strategies to co-localize multiple enzymes to mimic the functionalities of MECs. In order to 
achieve this goal, distinct approaches for enzyme co-localization were developed and 
evaluated. Specifically, we investigated different polymeric nano-carriers, both flexible and 
rigid, as platforms for co-localization, as well as distinct enzyme attachment techniques 
using model enzyme systems using glucose oxidase and horseradish peroxidase to control 
the spatial arrangement of the multiple enzymes on the nanocarriers. This platform 
technology can be potentially used to co-localize various enzyme systems and its broad 
applicability will be tested using the sclareol biosynthesis process to control the formation of 
products through the formation of MECs with multiple enzymes NgCPS and sSsSS to 
regulate the pathway of reactive intermediate to enhance the final product conversion rate. 
1.2 Dissertation organization 
The thesis is organized to six chapters. Specifically, Chapter 2 is modified from a 
comprehensive literature review paper that summarizes recent progress and strategies in 
enzyme immobilization and carrier based co-localization using materials-based approaches. 
Chapter 3 is modified from a paper published in AIChE Journal Letters, which illustrates a 
sequential co-localization approach to controllably co-localize multiple enzymes on multi-
functionalized rigid polymeric nanoparticles. Chapter 4 is modified from a paper published in 
the journal Langmuir, which demonstrates a strategy of constructing block copolymer-QD 
4 
platforms for multiple enzyme co-localization and characterization of single or multiple 
enzyme attachment onto polymeric micelles by Föster resonance energy transfer (FRET). 
Chapter 5 is modified from a paper to be submitted to ACS Nano, which describes the 
impact of spatial co-localization on product formation by using DNA hybridization to direct 
multi-enzyme localization. Chapter 6 summarizes the individual approaches in terms of 
discoveries, findings and conclusions. Chapter 7 covers ongoing efforts in applying multi-
enzyme co-localization concepts to investigate natural production biosynthesis and future 
potential directions. 
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Figure 1.1 Biosynthesis pathway of sclareol with involvement of NgCPS and sSsSS enzymes. 
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Abstract 
 Immobilized enzymes as biocatalysts have great potential both scientifically and 
industrially because of their technological and economic importance. Their highly efficient 
catalytic mechanisms and reusability have made them excellent candidates for green and 
sustainable applications. Previous studies have primarily focused on single enzyme 
immobilization. However, there are many situations where a single enzyme cannot 
completely catalyze reactions and multiple enzymes working together in a cascade are 
needed. It is very challenging to efficiently drive the multi-step reaction toward the desired 
direction, which is especially true when reactive intermediates are present. Nature 
overcomes this limitation through the use of multi-enzyme complexes (MECs) to promote 
the overall catalytic efficiency, which has inspired researchers to synthesize artificial MECs 
to mimic the special functionalities of the natural MECs in vitro. The most common approach 
to synthesize artificial MECs is to co-localize multiple enzymes on carriers, which builds on 
techniques developed for single enzyme immobilization. The attachment techniques used in 
single enzyme immobilization are also effective in multiple enzyme co-localization, which 
has a direct impact on the overall enzyme orientation and activity. For carrier-based 
strategies, the platforms developed for single enzyme immobilization are also appropriate 
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for attaching and co-localizing multiple enzymes. However, the involvement of multiple 
components in co-localization brings many challenges. The properties of different enzymes 
makes co-localization complicated when selecting attachment techniques and platforms to 
preserve enzymatic activity, because the structure and function of each component enzyme 
needs to be taken into consideration to preserve the overall enzyme activity. In addition, the 
relative position of the multiple enzymes in a confined space plays a significant role in the 
interactions between different enzymes, which makes spatial control important for co-
localization. This review focuses on the potential of multiple enzyme co-localization for the 
design of sustainable multi-enzyme biocatalysts. A critical analysis of the attachment 
techniques and carriers platforms that have been used in enzyme immobilization and multi-
enzyme co-localization in vitro is provided. 
2.1 Introduction 
Biocatalysts have great potential in both scientific and industrial settings due to their 
energy efficient catalytic mechanisms, unique selectivity for substrates, and enhanced 
stability under harsh reaction environments (Ansari and Husain, 2012; Ge et al., 2009; 
Schoffelen and van Hest, 2012; Tran and Balkus, 2011; Wang et al., 2004; Zhang et al., 
2002). Developing such green and efficient catalysts has already attracted a lot of research 
interest.  
In Nature, many cascaded reactions are catalyzed by multi-enzyme complexes 
(MECs) that are constituted of highly ordered assemblies of enzymes. The MECs can 
accomplish catalysis in a highly efficient way, where the intermediates are transported 
between the different active sites on enzyme subunits without leaving the MECs (Cohn et al., 
2009; Jones et al., 2012; Kim and Kim, 1993; Najdi et al., 2010; Wang and Margoliash, 
1995). The advantages of such a mechanism include maintaining high local concentration of 
the intermediates and reducing diffusion losses during transportation in order to promote 
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overall catalytic efficiencies toward desired pathways, which is especially critical in the 
presence of highly reactive intermediates (Conrado et al., 2008; Schoffelen and van Hest, 
2012). Many examples of such MECs can be found in Nature. In the citric acid cycle, which 
regulates many other metabolic biosynthetic pathways via control of the intermediates 
formed, five out of eight enzymes were purified as multi-enzyme clusters (Barnes and 
Weitzman, 1986). In tryptophan synthesis, subunits α and β which catalyze the last two 
steps were discovered to combine as a stable multi-enzyme complex (α2β2) to catalyze the 
coupled reaction. The reactive intermediate indole is transferred from α subunit to the 
subunit β through a physical tunnel that is only 25 Å long (Rhee et al., 1997). The pyruvate 
dehydrogenase complex also exhibits cooperatively efficient catalytic principles (Smolle and 
Lindsay, 2006). 
Drawing inspiration from these efficient MECs in Nature, researchers have devoted 
efforts to reconstitute MECs in vitro with precise engineering design (Dalal et al., 2007; Vinu 
et al., 2004; Watanabe and Ishihara, 2005). Applying single enzyme immobilization 
techniques in constructing artificial MECs is a common strategy. Numerous single enzymes 
have been successfully immobilized on various carriers using distinct attachment techniques 
to achieve reusability. Many immobilized enzymes have even been applied in industrial 
production (Brady and Jordaan, 2009). Compared to free enzymes in solution, immobilized 
enzymes exhibit superior performance under harsh environments such as high temperature 
and extreme pH and can be regenerated and used multiple times (Hanefeld et al., 2009; 
Heredia et al., 2005; Iyer and Ananthanarayan, 2008). To combinatorially exploit the highly 
efficiently cooperative catalytic mechanism of MECs and harness the benefits of enzyme 
immobilization, it is rational to develop appropriate techniques to co-localize multiple 
enzymes on carriers.  
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Methods for co-localizing multiple enzymes are based on techniques that have been 
developed for single enzyme immobilization. Hence, the challenges faced in single enzyme 
immobilization still need to be addressed to realize efficient multi-enzyme co-localization. 
Attachment techniques need to be engineered to maintain enzyme activity, since the 
delicate functionality and fragile structures of enzymes make them sensitive to 
environmental conditions (Hanefeld et al., 2009; Hua-Jun et al., 2008; Sheldon, 2007). 
Improper linkage of the amino acids to the carriers could cause unfavorable conformational 
changes, leading to blockage of access of the substrates to the active sites, and thus loss of 
enzymatic activity (Hermanson, 2008). In multi-enzyme co-localization, due to the variability 
of individual enzymes’ tolerance for a specific attachment method, the structure and function 
of each enzyme component needs to be taken into consideration for selecting appropriate 
attachment techniques. The design of enzyme-compatible carriers with high loading 
capacity is another aspect to consider. For example, strong non-specific interactions 
between proteins and hydrophobic platforms could induce undesirable folding of proteins 
and jeopardize enzymatic activity. Meanwhile, porous materials provide large surface areas 
that are able to accommodate large quantities of enzyme molecules. But the inherent 
internal diffusion resistances involved may present complications when co-localizing multiple 
enzymes of different sizes inside the pores. A unique challenge in co-localization is to 
effectively control the relative positions of multiple enzymes on the platform. In MECs, the 
enzyme subunit components are associated tightly to enable a highly cooperative catalytic 
mechanism. Therefore, to mimic the functionality of MECs, enabling proximity of the active 
sites on different enzymes in co-localization is critical. The shared structural characteristics 
of different enzymes make it difficult to differentiate one enzyme from another during 
immobilization. Selectively immobilizing enzymes on the platform is not straightforward. In 
addition, unlike small molecules, the typical large size of enzymes (>10 kDa) results in large 
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steric effects that prevent immobilization in a compact way, which impacts the ability to co-
localize multiple enzymes in close proximity to one another.   
  This review discusses and analyzes the various approaches used in multiple enzyme 
co-localization by focusing on the: (1) different attachment techniques used in enzyme 
immobilization and multiple co-localization and their impact on the overall enzyme activity; 
and (2) various platforms and spatial control strategies developed that play a significant role 
in co-localization of multiple enzymes. Table 2.1 presents a summary of recent 
representative work on multi-enzyme co-localization, wherein aspects such as different 
attachment techniques, platforms, enzyme models, and improvements in kinetics are listed 
and compared for each work. 
2.2 Attachment techniques 
The attachment techniques used to immobilize enzymes result in creating interactions 
between the enzymes and the carriers, which directly impacts enzymatic activity. Thus, 
appropriate attachment techniques need to be engineered to maintain the enzyme activity, 
since the delicate functionality along with fragile structures make enzymes sensitive to the 
environment. In many cases, attachment of enzymes to the carriers could cause 
unfavorable conformational changes of the enzymes, leading to loss of enzymatic activity. In 
multi-enzyme co-localization, the structure and function of each enzyme component needs 
to be taken into consideration in selecting appropriate attachment techniques. In this section, 
attachment techniques such as multi-point covalent binding, physical entrapment, physical 
adsorption, site-specific affinity interaction, and DNA directed self-assembly are discussed. 
A representative scheme of each technique is shown in Fig. 2.1. 
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 Multi-point covalent binding  2.2.1
Multi-point covalent binding is one of the strongest chemical bonds used to 
immobilize enzymes. The primary abundant free functional groups on the amino acids, 
mainly located on the outer surface of the protein structure, serve as attachment points for 
the enzymes. The most common covalent attachments are amide linkages, where the amine 
groups on amino acids such as lysine react with the carboxyl groups on the carriers. 
Facilitated by reaction activators such as carbodiimide, carboxylic groups can be 
functionalized into active esters using n-hydroxysuccinimide (NHS), which can promote 
reaction rates to form stable amide bonds (Edlund et al., 2011; Hua-Jun et al., 2008; Park et 
al., 2010; Raghava et al., 2006; Saxena et al., 2011; Zhang et al., 2010). In addition, epoxy 
and aldehyde are often reacted with amine groups on the enzymes for immobilization 
(Betancor et al., 2006; Choi et al., 2005; Jonkheijm et al., 2008). Conversely, the available 
carboxyl groups on amino acids (such as aspartic acid and glutamic acid) can also react 
with the amine groups on the carriers to immobilize enzymes (Jonkheijm et al., 2008). The 
thiol groups on cysteine, which create internal disulfide bonds in enzymes, can also be used 
to react with maleimide and disulfide, but cysteine is not usually as abundant as lysine in 
many enzymes. In previous work, it was shown that covalently immobilized glucose oxidase 
(GOX) on magnetite nanoparticles exhibited better enzymatic activity compared to free GOX 
in solution (Fig. 2.2) due to favorable conformational change of the enzyme (Rossi et al., 
2004). Ju et al. covalently immobilized alpha-chymotrypsin onto magnetic Fe3O4-chitosan 
nanoparticles. Optimal immobilization conditions were identified, under which the product 
yield catalyzed by immobilized enzyme was comparable to that of free enzyme and over 60% 
of the enzymatic activity was retained after using the system twelve times (Ju et al., 2012). 
Covalent binding has also been used to conjugate small molecules such as fluorescent 
probes, as well as proteins, to the enzymes (Lin and Wang, 2008). In multi-covalent binding, 
the attachment points on the enzymes are relatively randomized, which implies lack of 
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control on the position of enzyme structures. In some cases, covalent binding could induce 
unfavorable conformational changes in the protein structure, which could reduce enzymatic 
activity significantly (Jordao et al., 1996; Murtinho et al., 1998; Scotti and Hutchinson, 1995).  
 Physical entrapment  2.2.2
Typically, physical entrapment is a process where the biomolecules or enzymes are 
confined within the carrier materials during gelation or cross-linking processes (Gupta and 
Chaudhury, 2007). During physical gelation, at low temperature or with addition of certain 
polymers, salts or due to a phase inversion process, solvents are removed. In the cross-
linking process, initiated by either chemical or photo irradiation-based initiators, monomer or 
co-monomers can be polymerized and cross-linked (Kudaibergenov et al., 2012). 
Geometrically, the carriers can be made into thin films, beads, or fibers (Tischer and 
Wedekind, 1999). Since the physical entrapment does not involve the attachment or 
modification of the enzymes, it is suitable for those enzymes that are significantly 
deactivated by covalent binding. However, due to embedment within the carriers, there is 
significant diffusion resistance for the substrates and intermediates traveling inside the 
carrier network during catalytic processes. If there is incompatibility with the monomer or 
precursor of the materials, the enzymes can lose activity, but this issue can be addressed by 
using biocompatible materials. Recent research has investigated co-immobilizing multiple 
enzymes by physical entrapment to enhance catalytic efficiency for cascaded reactions 
(Aranaz et al., 2003). The well-known GOX/horseradish peroxidase (HRP) system has been 
investigated extensively as a model system for multi-enzyme co-localization. Rupcich and 
Brennan co-immobilized two coupled enzyme systems, GOX/HRP and urease/fluorescein 
dextran, by pin-printing in sol-gel biomaterials (Rupcich and Brennan, 2003).The change in 
intensity from the assay was found to be time-dependent and consistent with the enzyme 
catalyzed reaction. However, the overall enzymatic kinetic activity in both cases was not 
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significantly increased compared to that of the free enzymes in solution. Another example is 
that of Nakane and co-workers who co-immobilized malic and alanine dehydrogenase on 
gel fibers as shown in Fig. 2.3A (Nakane et al., 2010). It was demonstrated that although the 
cascaded enzyme activity was only approximately one fifth of the activity of the free 
enzymes, the productivity after multiple uses was still very high (Fig. 2.3B). 
 Physical adsorption  2.2.3
In passive physical adsorption, enzymes can be immobilized on carriers through 
intermolecular polar, hydrophobic interactions and ionic bonds, which are unstable 
compared to covalent binding (Daly et al., 2005; Pai et al., 2010; Pai et al., 2012; Rusmini et 
al., 2007). The adsorbed enzymes form separate heterogeneous layers on the carrier 
surface and the capacity of the enzymes is typically limited by steric hindrance. The 
orientation of the adsorbed enzymes is randomized because of the interactions between the 
enzymes and the carriers. Pescador and co-workers (Pescador et al., 2008) used 
polyelectrolyte layers to assemble the GOX and HRP together on the surface of 
microparticles, where the net negatively charged GOX and HRP interact with the 
polyelectrolyte layers via electrostatic forces (Fig. 2.4A). As shown in Fig. 2.4B, it was found 
that the enzymes adsorbed in the same layer showed higher overall enzymatic activity 
compared to the enzymes in separated layers and free enzyme control. Kreft and co-
workers (Kreft et al., 2007) prepared micro-sized shell-in-shell polyelectrolyte particles to co-
immobilize GOX and HRP into different compartments, where the H2O2 produced in the 
outer surrounding GOX region diffused into the inner HRP compartment (SEM images of the 
structure are shown in Fig. 2.5), and the final product (resorufin) accumulated inside the 
HRP compartment (Fig. 2.5). However, similar to multi-point covalent binding, the 
interactions that occur in adsorption processes are generally less controllable with respect to 
the position of amino acid residues that are attached to the carriers. Without proper 
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attachment strategies, the resulting conformation of enzymes after immobilization could be 
affected, which may be detrimental to the original structural configuration for distinct 
functionality (Esawy et al., 2008; Hanefeld et al., 2009; Toogood et al., 2002). 
 Site-specific affinity attachment 2.2.4
2.2.4.1 Histidine-Nickel binding 
To protect the original orientation of the enzyme organization against unfavorable 
changes by non-specific interactions such as covalent binding or physical adsorption with 
the carrier surface, polyhistidine linkers can be genetically tagged on the recombinant 
enzymes to accurately capture the specific binding functional groups, typically nitrilotriacetic 
acid (NTA), on the carriers. In his-NTA binding, two imidazole groups on the his-tagged 
enzymes indirectly interact with the functional groups on the carrier via one nickel ion 
molecule to form an octahedral coordination structure. Previously these strategies were 
developed in protein purification with column chromatography (Turkova, 1999). The 
targeting protein molecules can be removed by addition of ethylenediaminetetraacetate 
(EDTA) or imidazole. This methodology has also been used for directing the attachment of 
proteins on carriers. Wegner and co-workers (Wegner et al., 2003) delivered multiple his-
tagged proteins in NTA–functionalized self-assembled monolayers using parallel 
microchannels in microfluidic devices. Therefore, the interactions of antibody/antigen 
binding and subsequent interactions of double-stranded DNA with TATA box were 
monitored and it was demonstrated that the fusion protein activity was retained. Shimada 
and co-workers (Shimada et al., 2012) prepared DNA-enzyme conjugates using his-tag 
chemistry that can protect enzymes from denaturation on surfaces. In their study, the DNA 
was functionalized with NTA, attaching to the his-tag alkaline phosphatase in the presence 
of Ni2+ ion. The resulting DNA-enzyme conjugates were used for detection of thrombin.  
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2.2.4.2 Avidin-biotin binding 
Avidin-biotin linkage is another popular bioaffinity attachment technique. Avidin or 
streptavidin proteins comprised of four identical subunits can bind up to four biotin 
molecules and form a strong bond (K = 1013 – 1015 M-1) (Weber et al., 1989). Originally such 
techniques were widely used in affinity chromatography for protein purification. Compared to 
other affinity attachment strategies, avidin-biotin bonds form rapidly and stably under wide 
ranges of temperature and pH conditions. Using an enzyme linked immunosorbent assay, 
streptavidin-tagged HRP can bind biotinylated antibody to amplify the assay signals. For 
even better signal amplification, more complicated avidin-biotin complexes can be built to 
attach more enzymes to carry out the reaction that can be used to further boost amplified 
signals. In the enzyme immobilization arena, similar to the his-tag attachment strategy, 
streptavidin-biotin linkages can protect the enzyme from directly contacting the carrier 
surface, which causes denaturation of the enzyme in most cases.  Yu and co-workers (Yu et 
al., 2012) fabricated streptavidin functionalized magnetic nanoparticles to immobilize C-
terminus biotin labeled sialytransferase from Neisseria gonorrheae and demonstrated 
immobilization under mild experimental conditions (Fig. 2.6A). The enzymatic activity also 
showed better performance under harsh conditions (i.e., high temperature and pH). Almost 
50% enzymatic activity was retained after being used ten times (Fig. 2.6B). Seong and 
Crooks (Seong and Crooks, 2002) designed a novel microfluidic system, where the biotin 
labeled GOX and HRP immobilized on streptavidin tagged PS beads were retained in well-
defined micro-reactor zones. The final product was obtained by enabling the flow of the 
reactants through one or two sequential reactor zones. As shown in Fig. 2.7, the beads 
played a significant role in facilitating better mixing and served as catalyst supports. 
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 DNA hybridization directed self-assembly 2.2.5
In multiple enzyme co-localization the spatial orientation and organization of each 
enzyme component is critical since it directly determines whether the multiple enzymes are 
close enough to synergistically catalyze the reactions. Recently, researchers have utilized 
DNA to direct the immobilization and co-localization of multiple enzymes in order to spatially 
control their relative positions. The unique Watson-Crick base paring mechanism of DNA 
provides a powerful tool to arrange the relative positions of multiple enzymes in space, 
which is otherwise not readily achievable by other attachment techniques. The stability 
issues associated with most biomolecules can be alleviated with the use of DNA 
hybridization, which requires relatively mild conditions such as moderate pH and 
temperature. The controllable sequence length and base pairs of DNA provides a high 
degree of flexibility in regulating the positions of the multiple enzymes.  
Niemeyer et al. (Niemeyer et al., 2002) first reported co-localization of nicotinamide 
adenine dinucleotide (NADH): flavin mononucleotide (FMN) oxidoreductase and luciferase 
(Luc) that catalyze cascaded reactions via DNA hybridization, which resulted in significant 
improvement in the overall enzymatic activity (Fig. 2.8). In later work, the same group 
designed two distinct oligonucleotides and respectively attached them onto GOX and HRP 
via covalent binding (Müller and Niemeyer, 2008). Complementary DNA sequences bound 
to the microtiter plate were used to capture the enzyme-DNA conjugates. Through gel 
electrophoresis, it was shown that positional and steric factors played significant roles in 
both DNA-enzyme conjugates. Further kinetics experiments also showed the superiority of 
co-localizing both enzymes on the same strand as compared to separated immobilized 
enzyme-DNA mixtures. Wang and co-workers (Wang et al., 2009), designed nanowires by 
generating circular DNA components hybridized by short nucleic acids in the presence of 
cocaine to co-localize GOX and HRP. The two enzymes were attached to the circular DNA 
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to exhibit ~6-fold overall activity enhancement when compared to that of a homogeneous 
mixture of enzymes in solution. Moreover, Wilner and co-workers (Wilner et al., 2009) 
designed programmed DNA scaffolds, specifically two-hexagon and four-hexagon 
nanostructures, to self-assemble either two enzymes or cofactor-enzyme pairs. It was 
shown that the enzyme cascades or cofactor-mediated catalysis proceeded effectively, in 
comparison to mixtures of the equivalent components (Fig. 2.9). Freeman and coworkers 
(Freeman et al., 2009) studied supramolecular cocaine-aptamer complexes for cascaded 
enzymatic catalyzed reactions, which were shown to control biocatalytic transformations that 
do not proceed in free random enzyme systems. 
2.3 Platforms for enzyme immobilization and co-localization 
In addition to the attachment techniques, the specific platforms onto which enzymes 
are loaded play a significant role in enzyme immobilization and co-localization. The 
properties of the platform materials determine the interactions between the enzyme and the 
carrier platforms. Less compatible materials tend to involve more non-specific interactions 
that cause unfavorable structural change of enzymes, resulting in loss of activity. In this 
section, porous materials, non-porous nanoparticles, and cross linked enzyme aggregates 
(CLEAs) and their corresponding applications in enzyme immobilization and co-localization 
are discussed.  
 Porous materials 2.3.1
2.3.1.1 Polymer monoliths 
The use of porous monoliths as enzyme immobilization supports emerged two 
decades ago (Abou-Rebyeh et al., 1991). Monoliths provide unique advantages for 
immobilizing proteins because of their large surface area, easily accessible functional 
groups on the surface, and flexibility in fabrication into various geometries (Mallik and Hage, 
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2006). Compared to silica monoliths, organic polymer monoliths have greater flexibility in 
terms of chemistry and better biocompatibility with biomolecules (Barton et al., 1999; 
Samanidou and Karageorgou, 2011; Zhu and Row, 2012). In general, polymer monoliths are 
stable in most solvents, at extreme pH levels, and need lower operational pressures. The 
enzymes can be attached on the surface of the pores by adsorption, covalent binding, 
entrapment, or the other specific linkages discussed earlier (Krenkova and Svec, 2009). 
Polymer monoliths have been used to immobilize multiple enzymes into segregated 
compartments or regions in channel-reactor platforms. By pumping the substrate solution 
through the segregated enzyme-localized region, each reaction step occurs along with the 
flow of the substrate, and the intermediates produced in the previous step are used as 
substrate in the next reaction step. The reaction is then controlled by flow direction and flow 
rate. Logan and co-workers (Logan et al., 2007) separately photo-patterned multiple 
enzymes in the polymer monolith to investigate a sequential multi-step cascade reaction 
(Fig. 2.10). GOX and HRP were covalently immobilized in segregate regions of a porous 
polymer monolith and a substrate solution containing dextrose and Amplex Red was 
pumped through the column. Significant product formation occurred only when the substrate 
was introduced in the GOX-to-peroxidase direction. Then, a third enzyme was added and a 
three-enzyme sequential reaction was performed using immobilized invertase, GOX, and 
HRP and a mixture of saccharose and Amplex Red as substrates. All six possible 
arrangements of the three enzymes were tested, and significant product formation was only 
observed when the enzymes were in the correct sequential order (Logan et al., 2007).  
2.3.1.2 Mesoporous silica nanoparticles 
  Mesoporous silica nanoparticles (MSNs), whose pore sizes typically range from 2 to 
50 nm, are some of the most commonly used porous platforms to immobilize enzymes 
(Popat et al., 2011). Physical adsorption is the main attractive force to retain the enzymes 
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inside the MSNs. The development of MCM-41 has attracted a lot of attention due to its 
large loading capacity for enzymes originating from an oriented-ordered pore structure with 
high surface area and pore volume (Trewyn et al., 2007; Wada et al., 2009). The MCM-41 
type materials are most suitable for small enzymes (< 4 nm) (Diaz and Balkus, 1996), 
because the pore size inherently limits the accessibility of larger enzymes to internal pores. 
SBA-15, which has a larger pore size (5-13 nm) has allowed the use of MSNs to immobilize 
larger enzymes (Sun et al., 2006). Many examples have demonstrated the capability of 
MSNs as supporting platforms for enzyme immobilization. Lysozymes can be adsorbed in 
pore-enlarged conventional SBA-15, which has great promise for enzyme separations (Sun 
et al., 2006). It was shown that by entrapping organophosphorus hydrolase in functionalized 
MSNs with 30 nm open pore size, the enzymatic activity was enhanced by 2-fold and the 
stability of the enzyme was also preserved (Lei et al., 2002). Hollow silica spheres with 
ordered hexagonal mesopores arranged in the shell showed extremely rapid (<5 min to 
reach equilibrium) lysozyme immobilization rate with high adsorption capacity (>500 mg g-1) 
(Liu et al., 2007). The pore size of the mesoporous materials has a significant effect on 
enzyme loading efficiency and immobilized enzyme activity (Fadnavis et al., 2003; Fan et al., 
2003b). Large enzyme molecules cannot enter the small pores in mesoporous materials. On 
the other hand, pores that are too large may lead to leaching out of the enzyme. Thus, size 
matching of the pores and enzymes is important to stabilize the enzymes, but this makes 
the use of MSNs challenging for multi-enzyme co-localization, especially when different 
sized enzymes are involved. Additionally, modifying the internal pore surface is sometimes 
necessary to strengthen the bonding between the enzymes and the supports (Diaz and 
Balkus, 1996; Fan et al., 2003a; Takahashi et al., 2001; Vinu et al., 2004). 
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 Non-porous nanoparticles 2.3.2
  Nanoparticles have a distinct advantage for enzyme immobilization and co-
localization, because of their inherently large surface area per unit volume, providing a large 
capacity for accommodating biomolecules. It has been reported that up to 10 wt.% effective 
enzyme loading can be achieved on nanoparticles (Chen and Su, 2001). Attachment of 
enzymes on nanoparticle surfaces also significantly avoids the internal diffusion resistances 
observed with porous materials. Numerous experimental and theoretical studies have 
shown that the unique mobility behavior of dispersed nanoparticles in solution impacted the 
retention of the intrinsic activity of particle-attached enzymes (Jia et al., 2003; Sassolas et 
al., 2012; Zheng et al., 2011). For multiple enzyme co-localization the use of nanoparticles 
has been investigated as a novel approach to spatially locate the multiple enzymes in close 
proximity to each another on the same nanoparticle. Many researchers have reported the 
significance of co-localizing multiple enzymes in the same layers on the particle surface 
(Keighron and Keating, 2010; Nakane et al., 2010; Pescador et al., 2008). In these studies, 
multiple enzymes were co-localized on the nanoparticles by adsorption on non-porous 
nanoparticles in distinct ways to form egg-like architectures. The rigid support materials 
serve as cores surrounded by coronas of randomly distributed multiple enzymatic layers. 
The larger the nanoparticles, the higher the probability that different types of enzymes can 
be loaded on the same nanoparticles. 
2.3.2.1 Gold nanoparticles 
  The excellent biocompatibility of gold has led researchers to use gold nanoparticles 
as supporting materials for attaching enzymes. Chirra et al. (Chirra et al., 2011) investigated 
immobilized catalase on gold nanoparticles by covalent binding and biotin-streptavidin 
coupling. They found that even though carbodiimide chemistry-activated coupling caused a 
decrease in enzyme activity compared to the biotin-streptavidin coupled approach, it 
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showed more active catalase per gold nanoparticle compared with that of biotinylated gold 
nanoparticles. Li et al. showed that covalently immobilized GOX on gold nanoparticles 
exhibited enhanced thermal stability and comparable pH-dependent behavior compared with 
free enzymes (Li et al., 2007). For multiple enzyme co-localization, Keating and Keighron 
co-immobilized malate dehydrogenase and citrate synthase on gold nanoparticles in three 
different ways, as shown in Fig. 2.11 (Keighron and Keating, 2010). It was found that the 
sequential order of enzymes adsorbed on gold nanoparticles affected the overall product 
conversion rate. In addition to attaching enzymes on the bare gold nanoparticles, gold 
nanoparticles have also been also hybridized with other materials such as carbon 
nanotubes, sol-gels, and polymers to prevent agglomeration (Pingarron et al., 2008). The 
capability of facilitating electron transfer between the immobilized enzyme and electrode has 
also made gold nanoparticles suitable for biosensor fabrication. Compared with other carbon 
composite electrodes, gold nanoparticles provide a mediator-less glucose biosensor with a 
remarkably higher sensitivity compared to other GOX–carbon nanotube (CNT) bioelectrodes 
(Manso et al., 2007). The gold nanoparticles can also be mixed with polymers to design 
nanocomposite bioelectrodes. Xian et al. designed a glucose biosensor using gold 
nanoparticles and conductive polyaniline to immobilize GOX and Nafion on the surface of 
nanocomposites, which showed excellent reproducibility and operational stability (Xian et al., 
2006). An example of the application of sol-gels with gold nanoparticles is to entrap 
acetylcholinesterase (AChE) with gold nanoparticles within sol-gel based silica materials. In 
this configuration, the AChE can catalyze the growth of the gold nanoparticles that can be 
correlated to the amount of substrate or inhibitor detected in the test solution (Luckham and 
Brennan, 2010). 
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2.3.2.2 Polymeric nanoparticles 
  Like gold nanoparticles, amphiphilic core-shell polymeric particles have attracted 
much attention due to their versatile surface chemistry and structure as well as 
biocompatibility. Enzymes can be attached onto polymeric nanoparticles via physical 
adsorption, covalent bonding, cross-linking or a combination thereof (Akgol et al., 2009; 
Daubresse et al., 1994; Matsuno and Ishihara, 2009; Palocci et al., 2007; Watanabe and 
Ishihara, 2004). Various polymeric materials and immobilization strategies have been 
designed for attaching enzymes. Caruso et al. used polyelectrolytes to confine charged 
proteins or enzymes and deposited them on polystyrene surfaces through electrostatic 
interaction to form uniform “core-shell” 600 nm particles (Caruso and Möhwald, 1999). In 
Kang’s work, amphiphilic particles fabricated using poly((methyl methacrylate-co-ethyl 
acrylate)-co-acrylic acid) were used to covalently immobilize trypsin and it was shown that 
the thermal and chemical stabilities were greatly improved for the immobilized enzymes 
compared to their free counterparts (Kang et al., 2005). Even after reuse ten times, over 63% 
of the initial activity was still maintained. Karagoz and co-workers synthesized “hair-like” 
poly(styrene-b-glycidylmethacrylate) brushes via atom transfer radical polymerization on 
bromoacetylated poly(styrene-divinylbenzene) and covalently immobilized lipase on 
microspheres (Karagoz et al., 2010). The immobilization was found to be effective in 
enhancing both thermal and storage stability. In addition, the large specific surface area led 
to high loading efficiency of the enzymes on the polymeric nanoparticles. Haupt et al. 
showed that when glucoamylase and β-glucosidase were individually immobilized on 
polyelectrolyte brushes of poly (acrylic acid) or poly(styrene sulfonic acid)-polystyrene based 
core–shell nanoparticles, the enzymes were able to maintain activity and loading efficiencies 
as high as 600 mg/g were attained (Haupt et al., 2005). Miletic and co-workers immobilized 
Candida Antarctica lipase on polystyrene nanoparticles by adsorption (Miletić et al., 2010). A 
high loading efficiency of 240 mg/g was reported, independent of pH. The product 
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performance was superior to that of the crude enzyme powder and commercial novozyme 
435. For multi-enzyme co-localization, in Watanabe’s work, ACHE, choline oxidase, and 
HRP were co-localized on phospholipid/polystyrene core-shell nanoparticles by adsorption 
(Watanabe and Ishihara, 2005). The sequential enzymatic reactions catalyzed by this 
product were significantly higher than that of the free enzyme mixture. Jia et al. (Jia et al., 
2012) designed quantum dot-incorporated block copolymer micelles as a platform to co-
localize GOX and HRP by adsorption (Fig. 2.12A). The adsorption of individual enzymes 
and co-localization of both types of enzymes were characterized by Förster resonance 
energy transfer (FRET) studies. The overall conversion rate was improved by about 100% 
compared to equivalent concentrations of free enzymes in solution (Fig. 2.12 B). In a related 
study, the same enzymes were sequentially co-localized on biotin and carboxyl 
functionalized polystyrene nanoparticles (Fig. 2.13A) (Jia et al., 2013). The catalytic 
performance of the co-localized GOX and SHRP system was about 2-fold higher than that of 
equivalent amounts of the free enzymes in solution and a mixture of nanoparticles with 
immobilized GOX and SHRP alone (Fig. 2.13B). 
  In addition, aluminum, silica and magnetic nanoparticles have been used for enzyme 
immobilization and co-localization. Crestini and coworkers co-localized laccase and HRP 
using cross linking and Layer-by-Layer coating with polyelectrolyte (Crestini et al., 2011) and 
the synergistic effect of the co-localized enzymes was demonstrated. Garcia and co-workers 
investigated the co-localization of GOX and HRP on magnetic nanoparticles by forming 
multiple layers (Garcia et al., 2011). The overall enzymatic activity increased linearly with the 
number of HRP layers. The HRP magnetic nanoparticle system was also suitable for reuse 
upon application of an external magnetic field. The co-localized bi-enzyme system was used 
for rapid detection of glucose at micromolar concentration levels (Garcia et al., 2011). 
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2.3.2.3 Cross-linked enzyme aggregates (CLEAS) 
  Platform-less methods have also been designed in constructing artificial MECs. 
Unlike conventional enzyme immobilization, where the enzymes are attached onto 
supporting materials by physical entrapment, chemical binding or physical interactions, 
cross-linking of enzyme aggregates (CLEAs) does not require platform carriers. Instead, 
multiple enzyme components are cross-linked in a precipitation process by addition of 
organic solvents, salts or ionic polymers, or bi-functional linkers. Similar to conventional 
immobilization, the CLEAs render the enzymes more stable under harsh conditions 
including a broader range of pH and temperature. The CLEAs can also be reused several 
times. Dalal et al. reported that a combi-CLEA composed of cross-linked multiple enzymes 
retained up to 100% activity compared to that of free enzymes and could be reused twice 
(Dalal et al., 2007). A drawback of using CLEAs is that the activity of the enzymes could be 
lost during the harsh cross-linking process (Sheldon et al., 2005). The aggregates typically 
tend to be water insoluble, which could potentially involve a large diffusion resistance for 
colorimetric reactions catalyzed by the enzymes (Soares et al., 2011).  
2.4 Conclusions and future perspectives 
Biocatalysts have been widely studied in both scientific and industrial settings due to 
their energy efficient catalytic mechanisms, unique selectivity for substrates, and enhanced 
stability under harsh reaction environments. The widely existing MECs in Nature have 
inspired researchers to design synthetic analogs to co-localize multiple enzymes in order to 
mimic the MECs’ unique functionalities in promoting the overall catalytic efficiency in vitro. 
Over the past couple of decades, numerous multiple enzyme co-localization approaches 
have been developed, which have shown great potential in enhancing the overall enzymatic 
performance. 
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  Multiple enzyme co-localization shares many common features with single enzyme 
immobilization. The various attachment techniques used in single enzyme immobilization 
studies have been applied to multiple enzyme co-localization and they have a direct impact 
on the overall enzyme orientation and activity. Multi-point covalent binding is relatively 
strong and robust as opposed to non-specific adsorption. New site specific attachments 
such as biotin-streptavidin affinity linkages which can tolerate a wide range of operating 
conditions provide more options in selecting appropriate attachment techniques. In 
controlling the relative positions of different enzymes in a confined space, biomolecular 
scaffolds based on DNA hybridization can be particularly valuable for multi-enzyme co-
localization. For carrier-based strategies, the various types of platforms developed for single 
enzyme immobilization again provide starting points for attaching and co-localizing multiple 
enzymes. Porous carriers have large surface areas to accommodate enzymes inside the 
carriers, but they inevitably involve internal diffusion resistance in enzyme immobilization 
and reaction process when enzymes, substrates, and products are transported. Non-porous 
nanoparticle platforms provide advantageous characteristics for enzyme immobilization and 
co-localization due to their inherently large surface area for attaching enzymes and their 
solution properties in catalytic processes. 
  In addition to the above-mentioned materials-based approaches, biological 
approaches have also been explored for multi-enzyme co-localization. Specific protein 
scaffolds can be biologically designed to bring the active sites on the enzymes in proximity 
to each other by using specific binding between the protein domains on the scaffolds and 
that of the targeted enzymes. In a recent study, Chen and co-workers (Liu et al., 2013) 
designed a protein scaffold and functionally expressed it in Escherichia coli to direct co-
localization of the dehydrogenase-based multi-enzyme cascade on yeast surfaces. The 
three different types of dehydrogenases self-assembled along the scaffold via high affinity 
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interactions between three orthogonal-dockering pairs. The co-localized enzymes exhibited 
significantly higher NADH generation rates in comparison to equivalent free enzyme 
mixtures in solution (Liu et al., 2013). In contrast to the materials-based approaches, the use 
of biological approaches provides a more biomolecule-compatible strategy to direct multi-
enzyme co-localization. Protein scaffolds can also be used to precisely define the relative 
positions of multiple enzymes by appropriate design, which is similar to DNA-directed co-
localization. Hybrid methods that combine biological and materials-based approaches that 
will provide compatible and sustainable platforms to co-localize multiple enzymes will be an 
area of active research in the future.  
     In multi-enzyme co-localization, the involvement of multiple components and co-
localization also brings unique challenges. The various properties of the different enzymes 
(e.g., size, conformational stability) makes the co-localization process more complicated and 
a careful and rational selection of appropriate attachment techniques and platforms is 
necessary to retain enzymatic activity and improve performance. In addition, the relative 
positions of the multiple enzymes in a confined space plays a significant role in affecting the 
interaction between different enzymes, making spatial control an important feature in co-
localization. Current multi-enzyme co-localization has demonstrated the kinetic benefits in 
terms of promoting overall turnover number for multiple enzymes. Future studies will need to 
focus on the stability of the co-localized enzymes for sustainable activity with multiple uses.  
  In summary, in order to achieve optimized multi-enzyme co-localization, it is 
important to consider the following perspectives: (1) The structure and function of each 
enzyme component needs to be carefully considered for multi-enzyme co-localization; (2) 
Appropriate attachment techniques and carrier platforms need to be rationally selected for 
all the enzymes; (3) Insights gained from single enzyme immobilization studies need to be 
used to optimize the reaction conditions for retaining the activity of the attached enzymes 
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during co-localization; and (4) Using the above considerations, novel strategies need to be 
developed for single enzyme immobilization and co-localization. Overall, current research 
has amply demonstrated the superior potential of co-localized multiple enzymes in terms of 
kinetically-driven benefits. Looking forward, the design of sustainable and re-usable multi-
enzyme biocatalysts would lead to both scientifically exciting research as well as 
economically viable designs for next generation catalysts and biosensors. 
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Figure 2.1 Illustration of representative examples of physical entrapment, covalent binding (amide bond 
formed by carboxyl and amine groups), physical adsorption (ionic interaction), affinity binding (biotin-
streptavidin interaction), and DNA hybridization directed self-assembly of enzymes on carriers 
 
 
 
Figure 2.2 (A) Scheme of GOX covalently immobilized on Fe3O4 nanoparticles. (B) Temporal dependence 
of oxygen consumption during oxidation of glucose by GOX: monitoring I0/I of Ru(phen)3 solutions (I0 is 
the initial fluorescence intensity; I is the fluorescence intensity at a given time interval). a. blank control 
experiment with no enzymes during the enzymatic reaction. Glucose oxidase–magnetite nanoparticles 
prepared by b. physical adsorption c. covalent coupling. and d free enzyme. Figure reprinted from Rossi 
et al. (2004) with permission from Springer. 
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Figure 2.3 (A) Photograph of the CA–Zr gel fiber-immobilized malic enzyme and alanine dehydrogenase. 
(B) Productivity maintained after multiple uses. Figure reprinted from Nakane et al. (2010) with 
permission from Wiley. 
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Figure 2.4Scheme of GOX and HRP co-localization on silica microparticles via polyelectrolyte layers. (b) 
Kinetic enhancement by co-localizing multiple enzymes compared to mixture of homogeneous enzymes 
Reprinted from Pescador et al. (2008) with permission from ACS. 
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Figure 2.5 (A) Confocal laser scanning microscopic image of ball-in-ball particles with distinct dyes in 
two compartments and dimension of shell-in-shell microcapsule and schematic illustration of the 
particle structure. (B) SEM images of ball-in-ball particles (type II). Intact (a) and outer compartment (b) 
particles after mechanical particle rupture. c) Cross section of ball-in-ball particle. d) Cross section 
showing intersecting and enclosing PEMs (indicated by arrows). Reprinted from Kreft et al. (2007) with 
permission from Wiley. 
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Figure 2.6 (A) Two strategies for site-specific enzyme immobilization: poly(ethylene glycol) surface-
functionalized magnetic nanoparticles were used for water-soluble enzyme immobilization and protein 
surface-functionalized magnetic nanoparticles were suitable for membrane-bound enzyme 
immobilization. (B) Separated immobilized enzyme mixture retained about 50% activity after using ten 
times. Reprinted from Yu et al. (2012) with permission from ACS. 
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Figure 2.7 (A) Schematic illustration of microdevice used to demonstrate multiple, sequential reactions. 
(B) FM of the inlet stream just before it enters the HRP microreactor (region 1 in (A)). (C) Fluorescence 
intensity line scans at the locations indicated by the dashed line in (B). (D) FM of the outlet stream just 
after exiting the HRP microreactor (region 2 in (A)). (E) Fluorescence intensity line scans at the locations 
indicated by the dashed line in (D). Excitation wavelength: 563 nm; maximum emission wavelength: 587 
nm. The flow rate was 0.5 µL/min in all cases. Reprinted from Seong and Crooks, (2002) with permission 
from ACS. 
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Figure 2.8 Graphical representation of the effect of spatial proximity on the activity of bi-enzymatic 
constructs. The heights of the histograms (C) correspond to the overall enzymatic activities obtained 
from conjugates (A) immobilized through random hybridization (grey bars) or (B) from assembly in direct 
proximity at a DNA carrier strand (dark bars). Reprinted from Niemeyer et al. (2002) with permission from 
Wiley. 
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Figure 2.9 Assembly of enzyme cascades or cofactor–enzyme cascades on hexagon-like DNA scaffolds, 
their imaging and their functional characterization. Assembly of the GOx and HRP enzymes on two-
hexagon (A) and four-hexagon (B) strips. Reprinted from Wilner et al. (2009) with permission from Nature 
Publishing Group. 
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Figure 2.10 Schematic of the photopatterning process. (A) Protein is immobilized to the surface of a 
polymer monolith in patterned regions within a microfluidic channel. (B) PEG is grafted to the surface of 
the polymer monolith to prevent non-specific protein adsorption. Vinyl azlactone is photopatterned onto 
the PEG surface and activates the surface for protein immobilization. (C) Azlactone functionality reacts 
with amines of proteins to form a covalent amide bond between the protein and the polymer monolith 
surface. Reprinted from Logan et al. (2007) with permission from ACS. 
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Figure 2.11Schemes of co-localizing MDH and CS on gold nanoparticles in three configurations and the 
comparison of corresponding sequential enzymatic activity. Reprinted from Keighron and Keating, (2010) 
with permission from ACS. 
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Figure 2.12 Enzyme immobilization and co-localization on PLQD micelles. (A) The representative 
strategies used including sequential adsorption of single enzymes and co-localization of multiple 
enzymes. (B) Overall product conversion rate comparison of co-localized enzymes and equivalent free 
enzyme mixture Reprinted from Jia et al. (2012) with permission from ACS. 
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Figure 2.13 (A) Schemes of single enzyme immobilization and multi-enzyme co-localization on bi-
functional PS nanoparticles. (B) The kinetics of the overall product yield was improved by 2-fold in 
comparison to a free enzyme combination and individually immobilized enzyme mixture.  Reprinted from 
Jia et al., (2013) with permission from Wiley. 
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Table 2-1 Summary of recent multiple enzyme co-localization studies 
Platform Attachment techniques Enzymes 
Conversion enhancement 
vs. free enzymes 
Reference 
Sol-gel biomaterials sodium 
silicate solution 
physical entrapment 
GOX, HRP/ Urease, fluorescein 
dextran 
decrease 
(Rupcich and Brennan, 
2003) 
Gel-fiber physical entrapment 
malic and alanine 
dehydrogenase 
0.2 (Nakane et al., 2010) 
Chitin 
Physical adsorption/covalent 
binding 
D-hydantoinase and D-
carboamylase 
N/A (Aranaz et al., 2003) 
PLQD micelles Physical adsorption GOX, HRP Up to 2 fold (Jia et al., 2012) 
Shell in shell polyelectrolyte 
particles 
Physical entrapment GOX, HRP N/A (Kreft et al., 2007) 
Polymer monolith 
covalent binding in different 
region 
GOX, HRP N/A (Logan et al., 2007) 
Polystyrene beads in microreactor 
Biotin-streptavidin separate 
compartments 
GOX, HRP N/A (Seong and Crooks, 2002) 
Bi-functionalized PS nanoparticles 
Biotin-streptavidin/covalent 
binding 
GOX, HRP Up to 2 fold (Jia et al., 2013) 
Magnetic nanoparticles 
Biotin-strepatavin/covalent 
binding 
GOX, HRP N/A (Garcia et al., 2011) 
Silica microparticles L-b-L polyelectrolyte GOX, HRP up to 2.5 fold (Pescador et al., 2008) 
Alumina pellets L-b-L polyelectrolyte Laccase, HRP N/A (Crestini et al., 2011) 
Gold nanoparticles L-b-L polyelectrolyte 
Malate dehydrogenase, citrate 
synthase 
N/A 
(Keighron and Keating, 
2010) 
Polystyrene microplate surface DNA directed self-assembly GOX, HRP up to 2 fold 
(Müller and Niemeyer, 
2008) 
Polystyrene microplate surface DNA directed self-assembly NFOR, LUC up to 3 fold (Niemeyer et al., 2002) 
Programmed DNA scaffolds  DNA directed self-assembly GOX, HRP/GDH NAD+ Significantly higher (Wilner et al., 2009) 
Aptamer Circular DNA 
nanostructures 
DNA directed self-assembly GOX, HRP up to 6 fold (Wang et al., 2009) 
Cocaine-Aptamer complexes 
Supramolecular aptamer-
substrate complexes 
GOX, HRP/AlcDH, amino-
NAD+ 
N/A (Abou-Rebyeh et al., 1991) 
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Chapter 3 Novel sequential co-localization of multiple enzymes on 
multifunctional nanoparticles 
(Modified from a paper published in AIChE Journal) 
Feng Jia, Balaji Narasimhan, and Surya K. Mallapragada 
Department of Chemical and Biological Engineering, Iowa State University, Ames, IA 50011 
Abstract 
Inspired by the widely present multi-enzyme complexes in Nature, we designed 
novel dual-functionalized nanoparticles for co-localizing multiple enzymes. To demonstrate 
this concept, glucose oxidase (GOX) and horseradish peroxidase (HRP) were used as 
model enzymes and co-localized on biotinylated carboxylic acid-functionalized polystyrene 
nanoparticles. Covalent binding and streptavidin-biotin coupling were evaluated and 
optimized by immobilizing GOX and Streptavidin tagged HRP (SHRP) on biotinylated 
carboxylic acid-functionalized polystyrene nanoparticles. The results showed that both GOX 
and SHRP activity was retained after immobilization. The optimized sequential co-
localization of GOX and SHRP was found to improve the overall conversion rate by 
approximately 100% compared to the equivalent amount of free enzymes in solution and a 
physical mixture of individual immobilized enzymes on nanoparticles. This study 
demonstrates the design of a simple and effective platform for multi-enzyme co-localization 
to mimic the multi-enzyme complex structure and function observed in Nature.  
3.1 Introduction 
The design and fabrication of biomolecule-nanoparticle conjugates have attracted 
much attention for applications in biosensors, biocatalysis, and biomedicine.(Albertsson and 
Varma, 2003; Berron et al., 2011; Carrillo‐Conde et al., 2010; Christie et al., 2011; Determan 
et al., 2006; Hrapovic et al., 2003; Jia et al., 2002; Lim et al., 2005; Liu et al., 2009; Narang 
et al., 1994; Torres et al., 2007; West and Halas, 2003; Xiao et al., 1999; Yi et al., 2000) In 
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particular, the development of nanoscale platforms for spatial control of multiple active 
enzymes has been an area of interest.(Keighron and Keating, 2010; Liu et al., 2009; 
Pescador et al., 2008; Watanabe and Ishihara, 2005) It is known that multi-enzyme 
complexes enable highly cooperative catalytic mechanisms in Nature, where the reactive 
intermediates can be transported rapidly from one active site to the next to avoid diffusion 
losses.(Keighron and Keating, 2010) By spatially co-localizing multiple enzymes on nano-
carriers, the intermediates, especially the reactive and short-lived ones, can rapidly find the 
next active site to accelerate the reaction efficiency and to direct the overall reaction towards 
the desired products, particularly in comparison with free enzymes in solution. Previous work 
has shown that multiple enzymes adsorbed on chitin exhibited higher overall catalytic 
performance and stability.(Aranaz et al., 2003) Recent work has focused on co-localizing 
multiple enzymes by adsorption on non-porous nanoparticles using various strategies to 
form egg-like architectures, where rigid support materials serve as cores with coronas of 
multiple enzymatic layers.(Keighron and Keating, 2010; Lundqvist et al., 2008; Pescador et 
al., 2008; Watanabe and Ishihara, 2005) Another recent study reported adsorption of single 
enzymes and cofactors on different silica nanoparticles, in which the multi-step reaction was 
facilitated by Brownian collisions of the nanoparticles.(Liu et al., 2009) Keighron and Keating 
found that the sequential order of enzymes adsorbed on gold nanoparticles affected the 
overall product conversion rate.(Keighron and Keating, 2010) 
In multi-step sequential reactions, the rapid transport of the intermediate between 
active sites plays a significant role. Compared to adsorption, multi-point covalent binding is 
more durable, stable under harsh micro-environments (i.e., extreme pH and temperature), 
and potentially provides higher loading efficiency.(Jeffrey J, 2004; Johnson et al., 2007; 
Williams and Blanch, 1994) In some cases, it can also enhance the enzymatic 
activity.(Matharu et al., 2007; Pandey et al., 2007) For example, it was found that glucose 
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oxidase (GOX) covalently immobilized on thiolated gold nanoparticles showed higher activity 
than free GOX in solution.(Pandey et al., 2007) In this context, the highly specific biotin-
streptavidin linkage, which has a dissociation factor of 10-15, has been widely used to link 
biomolecules with nanoparticles for biomedicine and biosensor applications.(Cui et al., 2001; 
Katz and Willner, 2004; Niemeyer, 2001; Weber et al., 1989) The streptavidin label can 
anchor a tagged enzyme on the carrier as well as protect the enzyme from hydrophobic 
carrier surfaces, which could induce unwanted conformational changes.(Matsumoto et al., 
2011)   
In this study, we present a facile and simple approach based on sequential co-
localization of multi-enzymes conjugated to nanoparticles, which is inspired by multi-enzyme 
complexes (Figure 3.1). The GOX and horseradish peroxidase (HRP) sequential reaction 
cascade was chosen as the model system, since it is a well-studied reaction, where the 
hydrogen peroxide formed in the first reaction catalyzed by GOX is consumed by HRP in the 
second reaction in the presence of N-acetyl-3,7-dihydroxyphenoxazine (Amplex Red) to 
yield a specific fluorescent product, resorufin.(Logan et al., 2007; Rupcich N. and Brennan 
J.D., 2003) Previously, GOX and HRP were adsorbed layer by layer on microparticles to 
form multiple enzyme films.(Pescador et al., 2008) However, the selection of the polymer 
was critical for compatibility with the adsorbed enzymes, and the use of polyelectrolytes 
provided additional diffusion resistance. Previous work has also shown that simultaneous 
adsorption required an extra dye-labeling step to quantify the amount of each enzyme co-
immobilized on the particle surface and that non-specific adsorption resulted in loss of 
enzymatic activity due to conformational changes.(Keighron and Keating, 2010)   
A nano-carrier platform based on carboxylic acid-functionalized polystyrene (C-PS) 
nanoparticles was used to controllably attach biomolecules. Compared to porous support 
materials, the non-porous nanoparticles will not involve large substrate diffusion resistance 
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and requirement of enough internal space to accommodate the large enzyme 
molecules.(Garcia‐Galan et al., 2011)  The rigid polymeric platform in aqueous solution can 
serve as a supporting material for immobilizing enzymes in biocatalysis.(Caruso and Schüler, 
2000; Fazlollahi et al., 2011; Lvov and Caruso, 2001; Miletić et al., 2010; Watanabe and 
Ishihara, 2005) GOX and streptavidin-tagged horseradish peroxidase (SHRP) were 
sequentially co-localized on biotinylated C-PS (B/C-PS) nanoparticles via covalent coupling 
and streptavidin-biotin linkage, respectively. The attachment and separation processes were 
initially optimized to maximize the enzymatic activity by immobilizing single enzymes onto 
the B/C-PS nanoparticles. The corresponding kinetic parameters Km and kcat for each 
enzyme were determined from the initial reaction rates at various substrate concentrations. 
Next, the optimized immobilization technique was used to co-localize both enzymes on B/C-
PS nanoparticles and resulted in a higher overall conversion rate in comparison to an 
equivalent mixture of single enzymes immobilized on nanoparticles, as well as a 
combination of free enzymes. 
3.2 Materials and Methods 
 Chemicals 3.2.1
200 nm 4% (w/v) C-PS nanoparticles and Amplex® Red were purchased from 
Invitrogen (Carlsbad, CA). GOX (~200 U/mg, from Aspergillus niger), horseradish 
peroxidase (HRP) (~250 U/mg, from horseradish), resorufin, biotin hydrazide, 2-(N-
morpholino) ethanesulfonic acid (MES) were purchased from Sigma-Aldridge (St. Louis, 
MO). Streptavidin-hydrogen peroxidase was purchased from BioLegend (San Diego, CA). 
Dimethyl sulfate (DMSO), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), 3% 
hydrogen peroxide, Coomassie protein assay reagent, Pierce® biotin quantitation kit, sodium 
chloride, and trisodium phosphate were purchased from Fisher Scientific (Hampton, NH). All 
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the aqueous solutions were prepared using purified water from Thermo Scientific’s 
Barnstead Nanopure Ultrapure Water System. 
 Partial biotinylation of C-PS nanoparticles  3.2.2
C-PS nanoparticles were covalently modified using biotin hydrazide. Briefly, 500 µL 
of 4% PS nanoparticle stock solution was micro-centrifuged and re-suspended in 450 µL of 
0.025 M MES buffer (pH 5.9) and then 50 µL of the 50 M biotin hydrazide (freshly prepared 
in DMSO) and 500 µL of 20 mg/mL EDC in MES buffer were added into the solution. The 
reaction solution was incubated overnight at room temperature with constant rotation. The 
unattached biotin hydrazide and the modified particles were separated by micro-
centrifugation at 20,000 g for 30 min. The supernatants were removed and the modified 
particles were re-suspended in fresh MES buffer. This procedure was repeated until biotin 
hydrazide was not detectable in the collected supernatant using a biotin quantification kit. 
The biotin in each supernatant was quantified in order to determine the loading efficiency. 
The quantity of the biotin attached was determined by subtracting the amount in the 
washout from the initial amount. The surface charge of the nanoparticles was measured 
using dynamic light scattering (DLS) (Zetasizer Nano, Malvern Instruments Ltd., Worcester, 
UK). The biotin-modified C-PS nanoparticles were stored at 4 oC for use. 
 Biotin quantification 3.2.3
The biotin hydrazide in each collected supernatant was assayed using a biotin 
quantification kit. Due to the higher affinity between avidin and biotin, 4 -´
hydroxyazobenzene-2-carboxylic acid (HABA), a dye that pre-binds to the avidin, is replaced 
by the biotin, which causes proportional fading of the color of the solution. Thus, the biotin 
can be quantified by the monitoring the color change. In this assay, a 20 µL of premixed 
dye-avidin conjugate solution was mixed with 160 µL PBS buffer in 96-well plates and the 
initial absorbance at 500 nm was recorded. Then, a 20 µL sample was added and the final 
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absorbance at 500 nm was measured. The amount of biotin was quantified based on the 
difference in the absorbance at 500 nm before and after adding the biotin, according to a 
standard curve previously prepared using a series of biotin solutions of known concentration.  
 GOX immobilization on B/C-PS beads 3.2.4
GOX powder was dissolved in 0.025 M MES buffer (pH 5.9) and stored in a -20 oC 
freezer. In 500 µL MES reaction solution, 30 µg GOX was covalently immobilized on the 2.5 
mg B/C-PS nanoparticles in the presence of 1 mg EDC. The reaction was carried out at 4o C 
for 3 h with constant stirring. The unattached GOX and the enzyme-nanoparticle conjugate 
were separated by micro-centrifugation at 20,000 g for 6 min. The supernatant was removed 
and the bioconjugates were re-suspended in the PBS buffer. The rinse step was repeated 
until the GOX was not detectable in the supernatant. The GOX was quantified using a 
Bradford assay, in which 50 µL of the sample was added into 200 µL of Coomassie Blue dye 
containing working reagent and the absorbance at 595 nm was measured using a UV-Vis 
micro-plate reader (Cary 50 Bio, Varian, Palo Alto, CA). A standard curve was prepared with 
GOX solutions of known concentrations. The quantity of the attached biotin was determined 
indirectly by subtracting the amount in the washout from the initial amount. 
 SHRP immobilization on B/C-PS nanoparticles 3.2.5
To immobilize the SHRP on the B/C-PS nanoparticles, 30 µL of SHRP solution (15 
µg) was added to 2.5 mg B/C-PS nanoparticles and the solution was finalized to 500 µL by 
adding appropriate amount of PBS buffer. The attachment reaction was carried out for 3 h at 
4 oC. The unattached enzyme was separated from the bio-conjugates by micro-
centrifugation and this step was repeated until SHRP was not detectable in the supernatant. 
The washout enzymes were quantified by the Bradford assay and subtracted from the initial 
amount to determine the amount of attached enzyme. 
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 Simultaneous co-localization of multiple enzymes  3.2.6
500 µL of 4% C-PS nanoparticles were washed by MES buffer and re-suspended in 
375 µL MES buffer. Next, 25 µL of GOX in PBS (2 mg/ml), 100 µl of HRP in PBS (2 mg/ml) 
and 10 mg EDC were added into the solution. The reaction was carried out for 3 h at 4 oC. 
The unattached proteins were removed after micro-centrifugation. The adsorbed co-
localized sample was prepared in the same way except that there was no EDC in the 
reaction solution. To characterize the co-localization of the enzymes on the nanoparticles, 
GOX and HRP were labeled by Alexa Fluor 594 and 488, respectively, according to the 
procedure provided by the manufacturer. The labeled enzymes were simultaneously co-
localized on the C-PS nanoparticles and visualized using an epi-fluorescence microscopy 
(Lumen 200, Prior Scientific) using a 60X 1.49NA Nikon objective, and the images were 
collected using a Photometrics HQ2 CCD camera. Alexa Fluor 594 and 488 dyes were 
excited using 555 nm and 490 nm filters, respectively, and the respective signals were 
collected with 605 nm and 525 nm filters. 
 Sequential co-localization of multiple enzymes  3.2.7
SHRP and GOX were sequentially co-localized onto the B/C-PS nanoparticles. To 
attach SHRP, similar to the immobilization of single SHRP, 15 µg of the SHRP was reacted 
with 2.5 mg B/C-PS nanoparticles for 3 h at 4 oC and separated by micro-centrifugation. The 
collected supernatants were used to determine the loading efficiency. To attach the GOX 
onto the SHRP-B/C-PS bioconjugates, similar to the immobilization of the single GOX, 10 µg 
of the GOX was added thereafter and reacted with the SHRP-B/C-PS nanoparticles in the 
presence of 0.3 mg EDC for 3 h at 4 oC. Again, the co-localized GOX and SHRP bio-
conjugates were separated from the unattached GOX by micro-centrifugation and the GOX 
was quantified for loading efficiency. 
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 Enzyme activity assays 3.2.8
GOX: A 200 mM glucose storage solution was prepared in PBS buffer (pH 7.2) and 
equilibrated overnight before use. Various concentrations (1-30 mM) of glucose substrate 
solution with 50 µM Amplex Red were prepared by adding appropriate amounts of storage 
glucose solution and Amplex Red into the substrate solution. Then, 10 µL of 10 µg/mL 
SHRP and 10 µL of 2 µg/mL GOX or immobilized GOX was added into each well of a 96-
well plate in sequence, which was previously loaded with 180 µL of substrate solution. 
Immediately after mixing, the reaction was monitored by a fluorescence plate reader 
(SynergyMx, Biotek, Winooski, VT) with excitation and emission wavelengths of 560 and 
590 nm, respectively. The fluorescence signal was converted into resorufin concentration 
using a standard curve prepared by resorufin solutions of known concentrations. 
SHRP: A 20 mM hydrogen peroxide stock solution was prepared by adding 23 µL of 
3% H2O2 solution into of 977 µL of PBS buffer. A sub-storage H2O2 stock solution was 
prepared by a 200-fold dilution of the stock solution. A series of hydrogen peroxide 
concentrations (1-80 µM) were prepared by adding respective appropriate amounts of sub-
storage solution into the substrate solution, which contained Amplex Red. 20 µL of 100 
ng/mL SHRP or SHRP-B/C-PS was added into 180 µL of substrate solution so that the final 
reaction solution has 1-80 µM H2O2 and 50 µM Amplex Red. The reaction was monitored 
using a fluorescence plate reader as described previously. 
Free GOX and SHRP mixture: To each well of the 96-well plates, 180 µL of 
substrate solution containing appropriate amount of glucose and Amplex Red was added, 
and subsequently, 10 µL of SHRP with appropriate concentration and 10 µL of GOX 
(4µg/mL) were added.  
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Sequentially co-localized GOX and SHRP: To 195 µL of glucose and Amplex red 
containing substrate solution, 5 µL of the co-localized sample was added so that the final 
solution contained 1 mM glucose, 200 µM Amplex Red and appropriate amounts of GOX 
and SHRP. According to the measured quantity of each enzyme in the co-localized sample, 
equivalent amounts of each single enzyme bio-conjugate were added to the same substrate 
solution as a control. Similarly, an equivalent free enzyme mixture was added into the same 
substrate solution for comparison. The reaction was monitored by a fluorescence plate 
reader as described previously. 
3.3 Results and Discussion 
 Biotinylation of C-PS nanoparticles 3.3.1
The biotin derivative biotin hydrazide contains one primary amine group, which can 
be reacted with the carboxylic acid group on the nanoparticle surface. Biotin hydrazide is a 
small molecule (254 Da, space arm length ≈16 Å) with a significantly smaller dimension 
compared to the area occupied by the carboxylic acid moieties (approximately 28.8 nmol/mg, 
where each group occupies ca.154 Å2). It was found that only about 50% of the carboxylic 
groups were modified due to steric hindrance. The experiments also showed that 40% biotin 
modification was optimal for co-localization of both GOX and SHRP, because higher biotin 
coverage limited the accessibility of the carboxylic group for GOX attachment and lower 
biotin coverage also limited the availability of biotin for SHRP attachment, since both GOX 
and SHRP can attach onto multiple -COOH and biotin groups, respectively. In the following 
single enzyme immobilization and sequential co-localization study, the biotinylation 
percentages on the C-PS beads were all approximately 40%. The ζ-potential of the C-PS 
nanoparticles was -62.3 ± 2.3 mV, consistent with proton dissociation from the carboxylic 
acid group in the PBS buffer. After partial biotinylation, that value increased to -32.9 ± 4.8 
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mV, which is consistent with the fact that more than half of the –COOH groups are still 
unmodified. 
 Single enzyme immobilization and kinetic performance 3.3.2
Before the co-localization study, the GOX and SHRP were separately localized on 
the dual-functionalized nanoparticles to optimize the conditions of the single enzyme 
attachment process. GOX and SHRP were attached onto the unmodified carboxylic acid 
and the biotinylated moieties, respectively. These two distinct functional groups were used 
to selectively immobilize the respective enzymes. Typical loading values for the GOX and 
SHRP were found to be 11.0 ± 0.3 µg/mg and 1.6 ± 0.1 µg/mg, respectively, which is 
consistent with previous work.(El‐Zahab et al., 2004; Liu et al., 2009)  
Previous work has shown that covalently immobilized GOX on magnetite 
nanoparticles showed better enzymatic activity compared to free GOX in solution due to 
favorable conformational change of the enzyme (Rossi et al., 2004). To optimize the 
attachment process for maximizing the enzyme activity, the performance of the immobilized 
single enzymes was compared with that of the equivalent amount of free enzymes using a 
kinetic activity assay. The GOX enzymatic activity assay was carried out by coupling the 
reaction catalyzed by the SHRP. By adjusting the reaction time, reaction temperature and 
centrifugation time, the optimized conditions for GOX activity were found to be: 3 h at 4 oC 
with 20,000 g micro-centrifugation for 6 min. 
To evaluate the enzymatic performance of GOX before and after immobilization, the 
kinetics of each reaction was studied. The change in the product concentration over time is 
shown in Figures 3.2 (A) and (B). A second order polynomial was used to model the 
reaction curve and the derivatives of the polynomial were used to calculate the initial 
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reaction rate. The initial reaction rate as a function of glucose concentrations is shown in 
Figure 3.2(C).  
Using a Michaelis-Menten model, the kinetic parameters Km and kcat were calculated 
using the data in Figure 3.2 (C) with a linear least squares method and are shown in Table 
3.1. The Km of the immobilized and free GOX were both 7.9 mM, which indicated that the 
affinity between the enzyme and the substrate did not change after the immobilization. The 
kcat of the immobilized GOX decreased slightly (194.3 s
-1) in comparison to that of the free 
GOX (160.1 s-1), indicating that the enzyme turnover number was not quite as efficient. 
However, the activity of the immobilized GOX is comparable with that of the free enzyme in 
solution, indicating nearly no deleterious effects of covalent immobilization on GOX activity. 
The kinetics of the reaction catalyzed by SHRP was studied similarly. Figures 3.3 (A) 
and (B) show the variation of the product concentration with time. Figure 3.3 (C) shows the 
initial reaction rate as a function of the substrate concentration. As shown in Table 1, the Km 
value of the immobilized SHRP (20.9 µM) was slightly lower than that of the free enzyme 
(23.2 µM) and the kcat  of the immobilized SHRP (3.6 × 10
4 s-1 ) was slightly higher than that 
of free SHRP (4.0 × 104 s-1 ). In general, the immobilized SHRP retained its activity. 
 Simultaneous co-localization on C-PS nanoparticles 3.3.3
To compare the performance of enzymes simultaneously co-localized by adsorption 
versus covalent attachment, HRP was co-localized with GOX on the C-PS nanoparticles 
with and without the presence of EDC. The overall product conversion rates due to 
adsorption and covalent attachment are shown in Figure 3.4. In contrast to the simultaneous 
covalent co-localization, the co-localized sample by adsorption did not show a detectable 
conversion rate, which may be attributed to a combination of lower loading efficiency and 
partial loss of activity due to conformational changes caused by non-specific 
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adsorption.(Fears et al., 2009; KONDO et al., 1992) This study also showed that any 
contribution due to adsorption to the optimized covalent attachment condition is negligible.  
To further characterize the co-localization of both enzymes, the GOX and HRP were 
respectively labeled with the spectrally distinct Alexa Fluor 594 and Alexa Fluor 488 dyes by 
covalent binding. A fraction of the primary amine groups on the enzymes were reacted with 
the dyes. As shown in Figure 3.7, the yellow color formed by the overlapping between the 
green and red channels qualitatively demonstrated the co-localization of the GOX and HRP 
on the nanoparticles.  
In spite of the fact that the covalent attachment outperformed physical adsorption, 
there are some limitations of the simultaneous co-localization method. One is lack of control 
over the relative levels of attachment of the two enzymes. Another could be that the amine 
reactive labeling dye may be a competitor for further attachment of the enzyme-dye onto the 
particles. Therefore, a more controllable sequential co-localization strategy was developed. 
 Optimal GOX:SHRP ratio for resorufin production 3.3.4
The enzymatic performance of various free GOX and SHRP enzyme combinations to 
maximize the production of resorufin was studied by varying the GOX:SHRP ratio as follows: 
1:15, 1:7, 1:1 and 3:1. As shown in Figure 3.5, the resorufin production was enhanced with 
increasing SHRP concentration till a plateau was reached at a GOX:SHRP ratio of 1:7. 
Beyond this ratio, further increases in SHRP concentration did not improve the overall 
conversion rate. This experiment indicated that the optimal molar ratio of GOX:SHRP to 
enhance resorufin production is between 1:1 and 1:7. Based on these results, a GOX to 
SHRP ratio of 1:3 was selected to perform the sequential co-localization studies. 
61 
 
 Sequential co-localization of GOX and SHRP on B/C-PS nanoparticles 3.3.5
The single enzyme immobilization and the combination of free GOX and SHRP 
studies provided optimal conditions to evaluate sequential co-localization of both enzymes. 
In previous studies, enhanced catalytic performance was observed in terms of a higher 
overall conversion rate when two enzymes were simultaneously co-localized on the same 
layer on a nanoparticle surface.(Keighron and Keating, 2010; Pescador et al., 2008) In this 
work, we have designed and developed a sequential co-localization strategy. The SHRP 
was attached first because it was found that if the GOX was attached first, it lost significant 
activity mainly due to the high-spin microcentrifugation in the second reaction step. As 
mentioned previously, in a typical reaction, about 40% carboxylic acid groups were modified 
by biotin. In the GOX adsorption control experiment where all the experimental conditions 
are the same except that no EDC was added in the GOX attachment step, the loading 
efficiency of GOX was very low. Nearly none of the GOX was adsorbed on the remaining 
areas, probably due to the net negative charged COO- preventing non-specific adsorption of 
the negatively charged GOX enzymes in MES buffer.  
The performance of the optimized co-localized GOX and SHRP system was 
compared with that of equivalent amounts of the free enzymes in solution and an 
immobilized GOX and SHRP mixture. These results are shown in Figure 3.6, which indicate 
that co-localizing the two enzymes on the same nanoparticles enhanced the overall product 
conversion two-fold. The performance of the immobilized GOX and SHRP mixture was 
comparable to that of the free enzyme combination, which is consistent with our previous 
studies using single enzyme immobilization, indicating that each enzyme retained its activity 
after immobilization.  
These studies demonstrate the clear benefits of sequentially co-localizing multiple 
enzymes on multifunctional nanoparticles. In many enzymatic systems, it is critical to 
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molecularly localize these enzymes so that the intermediates can rapidly find the next active 
site for the reaction to proceed. This rigid synthetic C-PS platform provides nano-scale 
spatial control of multiple active enzymes. By modifying the surface of the C-PS 
nanoparticles, multiple enzymes were co-localized on these nano-carriers and the relative 
amounts of the attached enzymes were controllable. In situations where the intermediate 
product is particularly reactive, such a strategy may pay even more dividends. In 
comparison to the adsorption coupling strategy used in previous co-localization 
studies,(Keighron and Keating, 2010; Pescador et al., 2008; Watanabe and Ishihara, 2005) 
our sequential covalent binding/streptavidin-biotin approach is more stable and suitable for 
long term use.(Cui et al., 2001; Drechsler et al., 2004; Su et al., 2007) The step-by-step 
sequential co-localization strategy was also facile and simple in terms of controlling the 
loading of each enzyme and quantifying each localized enzyme on the platform. Unlike other 
co-localization studies(Keighron and Keating, 2010; Pescador et al., 2008), labeling 
enzymes with dye for quantification is not needed in this approach. This strategy is broadly 
applicable to other sequentially coupled multiple enzyme reactions by appropriately tailoring 
the platform and conjugation strategy. 
3.4 Conclusions 
In this study, a strategy for sequentially co-localizing multiple enzymes on 
multifunctional nanoparticles was developed by using covalent binding and streptavidin-
biotin coupling to immobilize GOX and SHRP on B/C-PS nanoparticles. Optimizing the 
individual enzyme immobilization led to retention of the activities of both GOX and SHRP. 
With optimal GOX and SHRP ratios, the GOX and SHRP were sequentially co-localized on 
B/C-PS nanoparticles. The optimized co-localization of GOX and SHRP enhanced the 
overall product conversion rate by approximately two-fold compared to the equivalent 
amount of free enzymes in solution. The performance of the immobilized GOX and SHRP 
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mixture was comparable to that of the free enzyme combination, which is consistent with our 
previous work using single enzyme immobilization. These studies demonstrate the clear 
benefits of sequentially co-localizing multiple enzymes on multifunctional nanoparticles, 
leading to a simple and controllable platform for multi-enzyme co-localization to mimic the 
efficient multi-enzyme complex structure and function observed in Nature.  
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Table 3-1 Kinetic parameters for free and immobilized enzymes 
 
 GOX GOX-B-PS SHRP SHRP-PS 
kcat (s
-1) 194.3 ± 9.6 160.1 ± 11.0 3.6 ± 0.09 × 104 4.0 ± 0.1× 104 
Km (µM) 7.9 ± 1.2 × 10
3 7.9 ± 0.9× 103 23.2 ± 1.2 20.9 ± 0.8 
 
 
 
Figure 3.1Schematic of single enzyme immobilization and sequential co-localization strategy. 
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Figure 3.2 Comparison of the reaction kinetics catalyzed by equivalent free and immobilized GOX. (A) 
Product formation versus time for free GOX. (B) Product formation versus time for GOX-B/C-PS (C) The 
initial reaction rate as a function of glucose concentration.  
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Figure 3.3 Comparison of the reaction kinetics catalyzed by equivalent free and immobilized SHRP. (A) 
Product formation versus time for free SHRP. (B) Product formation versus time for SHRP-B/C-PS (C) 
The initial reaction rate as a function of glucose concentration. 
 
(A) 
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Figure 3.4 Comparison of the overall conversion rate catalyzed by simultaneous covalent co-localization 
of enzymes with that catalyzed by simultaneous adsorption of enzymes. 
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Figure 3.5 The overall conversion rate catalyzed by different molar ratios of free GOX and SHRP. The 
GOX concentration in all the assays was 0.005 nmol/mL and appropriate amounts of SHRP were added 
to make the GOX:SHRP molar ratio 1:15, 1:7, 1:1 and 3:1. 
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Figure 3.6 Comparison of the performance of sequentially co-localized enzymes with equivalent amount 
of mixtures of single immobilized enzymes and free enzymes in solution. Each assay contained 0.02 
nmol/mL GOX and 0.06 nmol/mL SHRP on the nanoparticles or in solution. 
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Figure 3.7 Observation of simultaneous co-localization of GOX and SHRP on C-PS nanoparticles using 
epi-fluorescence microscopy. Representative yellow areas are indicated by the white arrows. Scale bar: 
10 µm.  
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Abstract 
To mimic the structure and functionality of multi-enzyme complexes, which are 
widely present in Nature, Pluronic®-based micelles were designed to co-localize multiple 
enzymes. To stabilize the micelles as well as to enable characterization of single enzyme 
immobilization and multi-enzyme co-localization by Förster Resonance Energy Transfer 
(FRET), quantum dots (QDs) were encapsulated into the micelles to form Pluronic®-QD 
micelles using a novel micro-reactor. Model enzymes glucose oxidase and horseradish 
peroxidase were respectively labeled with fluorescent dyes. The results indicated that FRET 
quenching occurred between the QDs and dyes that labeled each type of enzyme in single 
enzyme immobilization studies as well as between the dyes in co-localization studies. These 
observations were consistent with increases in micelle size after adsorption of dye-enzymes 
as verified by dynamic light scattering. In addition, the activity of single enzymes was 
retained after immobilization. An optimized co-localization process improved the overall 
conversion rate by approximately 100% compared to equivalent concentrations of free 
enzymes in solution. This study demonstrates a versatile platform for multi-enzyme co-
localization and an effective strategy to characterize multi-enzyme immobilization and co-
localization, which can be applicable to many other multi-enzyme systems.  
  
74 
 
4.1 Introduction 
The design and development of nanoscale platforms for co-localizing multiple active 
enzymes has been extensively studied due to its potential for efficient catalytic 
mechanisms.1–4 In living cells, multi-enzyme complexes are composed of individual 
enzymes in a confined space, where each component enzyme works synergistically by 
transporting reactive intermediates among active sites rapidly to promote the overall 
cascaded reaction efficiency.5,6 Such highly concerted mechanisms possess the advantages 
including maintaining high local concentration of the intermediates and reducing diffusion 
losses during the long-way transportation, which are especially critical for highly unstable 
reactive intermediates.4,7 To mimic this process in vitro, researchers have developed various 
strategies and approaches to spatially co-localize multiple enzymes on carriers to achieve 
enhancement in reaction kinetics along with the ability to direct the reaction pathway.8–13  
In one example, multiple enzymes adsorbed on chitin exhibited higher overall 
catalytic performance and stability at certain ranges of temperature and pH.8 Another 
example described immobilization of coupled enzymes in different regions of a porous 
polymer monolith, which spatially defines small reaction areas to separate multiple enzymes 
in each portion. In this system, the plug flow direction of the substrate solution 
corresponding to the order of the cascaded reaction was found to maximize the final product 
yield.9 To overcome the drawbacks of internal diffusion resistance in porous materials, 
researchers have used non-porous nanoparticle platforms based on gold, silica, and 
polymers to co-localize multiple enzymes, where the surface of rigid support materials were 
functionalized with soft enzyme layers.10–13  For example, by mixing separated immobilized 
single enzymes and co-factors on silica nanoparticles, which was facilitated by Brownian 
collisions of the nanoparticles, the enzymes and co-factors were easy to recover.11 In co-
localizing sequential multiple enzymes onto the nanoparticles, the order of each enzyme 
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layer adsorbed on the nanoparticles was found to affect the overall product conversion rate; 
furthermore, co-localizing the enzymes on the same layer showed the highest catalytic 
kinetic performance.12,13 Previous work from our laboratories demonstrated a sequential 
approach to co-localize enzymes on multi-functionalized polystyrene nanoparticles that 
resulted in kinetic performance improvements.14 However, in addition to demonstrating the 
kinetic benefits of co-localizing multiple enzymes, it is desirable to control and characterize 
the co-localization of multiple enzymes on the same nanoparticles. In this work, we 
designed a novel micelle carrier to co-localize multiple enzymes with the ability to 
characterize enzyme immobilization and control co-localization.  
Pluronic® tri-block copolymers and Pluronic®-based amphiphilic pentablock 
copolymers developed by our laboratory have shown great potential in biomineralization and 
drug/gene delivery.15–20 These polymers have demonstrated excellent compatibility with 
proteins and the corresponding micelle structures are responsive to temperature and pH.21,22 
Recent work has showed that the stability of the micelle structure can be enhanced by 
encapsulation of hydrophobic semiconductor quantum dots (QDs).23 QDs have 
demonstrated great potential for imaging and biosensing due to their unique rapid response, 
stability, and efficient fluorescence-based features.24–27 Paired with suitable dyes, QDs can 
be used to measure nanoscale distances between molecules using principles of Förster 
resonance energy transfer (FRET).28,29 In this work, we combined the well-known protein 
compatibility of Pluronic® micelles and the sensing attributes of QDs to develop a novel 
multi-enzyme co-localization strategy. Here, hydrophobic organic QDs were encapsulated 
into self-assembled amphiphilic Pluronic® tri-block micelles in aqueous solution using a flash 
nano-precipitation process (Figure 4.1). To demonstrate the feasibility of this nanoscale 
platform, a model multi-enzyme system based on glucose oxidase (GOX) and horseradish 
peroxidase (HRP), which is known to exhibit a sequential reaction cascade 7 to produce 
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resorufin was studied. Each enzyme was respectively labeled with appropriate fluorescent 
dyes to exhibit FRET with the QDs when single enzymes were adsorbed on the micelles and 
with themselves when the enzymes were co-localized (Figure 4.1). The enzymatic 
performance of adsorbed enzyme and co-localized multiple enzymes was evaluated by 
comparing with that of the respective free enzymes.  
4.2 Experimental Section 
 Chemicals 4.2.1
Cadmium selenium (CdSe) quantum dots were synthesized as described 
previously.30 Carboxyl reactive Alexa Fluor 594 (AF594) and Alexa Fluor 647 (AF647) 
fluorescent dyes and Amplex® Red were purchased from Invitrogen (Carlsbad, CA). 
Pluronic® F127, GOX (~200 U/mg, from Aspergillus niger), horseradish peroxidase (HRP) 
(~250 U/mg, from horseradish), and resorufin were purchased from Sigma-Aldridge (St. 
Louis, MO). Dimethyl sulfate (DMSO), 3% hydrogen peroxide, sodium chloride, and 
trisodium phosphate were purchased from Fisher Scientific (Hampton, NH). All the aqueous 
solutions were prepared using purified water from Thermo Scientific’s Barnstead Nanopure 
Ultrapure Water System. 
 Fabrication of PLQD micelles  4.2.2
In this procedure, Pluronic® F127 polymers and QDs were pre-dissolved in THF at 
respective concentrations of 154 mg/mL and 2.3 mg/mL. Next, 2 mL of well-mixed PLQD 
solution and three equivalent volumes of PBS (0.1 M Na3PO4 and 0.15 M NaCl, pH 7.2) 
were pumped simultaneously into a four-channel micro-reactor using syringe pumps at a 
flow rate of 2 mL/min. The organic and aqueous solutions were mixed in the central mixing 
compartment, where nucleation and growth of the micelles occurred in the presence of the 
QDs. The solutions exited the reactor and flowed into a beaker containing 2 mL of PBS 
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buffer for quenching. The final product contained 20% THF, 31 mg/mL Pluronic® F127 and 
0.5 mg/mL QDs, which was stored at 4 oC. The size of the PLQD and the enzyme-PLQD 
micelles was measured using a Malvern Zetasizer Nano-ZS90 dynamic light scattering 
system using Malvern disposable cuvettes (Malvern Instruments, Southborough, MA). 
 Enzyme labeling 4.2.3
Both GOX and HRP were labeled with fluorescent dyes that exhibit FRET with the 
QDs encapsulated in the micelles. First, 1 mg of carboxyl-reactive fluorescent dyes (AF594) 
were separated into 8 aliquot portions into 1.7 mL centrifuge tubes. All the aliquots were 
dried with nitrogen and stored at -80 oC. The attachment procedure was modified from the 
manufacturer’s manual. Briefly, for individual enzyme labeling, in each aliquot dye-
containing tube, 5 mg of GOX or HRP and 0.5 mL PBS buffer were added. The pH was 
adjusted using 0.5 M Na3CO3 solution to 8.3, which promoted the attachment reaction. The 
reaction mixture was incubated rotationally at room temperature for 1 h and continued at 4 
oC overnight. The unattached dyes were separated using a dialysis membrane centrifuge 
tube at 10,000 X g for 10 min. The conjugated enzyme-dye solution retained in the dialysis 
tube was collected and diluted to a protein concentration of 1 mg/mL. The enzyme 
concentration was determined using UV-Vis spectroscopy (Cary 50 MPR microplate reader, 
Varian, USA) following the manufacturer’s procedure. The resultant product was stored at 
4oC.  
 Adsorption of single enzymes onto PLQD micelles 4.2.4
Initially, centrifuge tubes were pretreated with 1 mg/mL BSA buffer to prevent non-
specific protein adsorption onto the wall of the tubes. In each reaction tube, appropriate 
volumes of AF594 labeled GOX or HRP were mixed with 250 µL of stock PLQD micelle 
solution. PBS buffer was used to bring up the total volume to 500 µL. The reaction was 
carried out overnight with rotation at 4oC. The experiments were performed at various 
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enzyme concentrations. In the final solution, the concentrations of GOX-AF594 were 0.1 µM, 
0.25 µM and 0.625 µM respectively, and the corresponding values for AF594-HRP were 
0.91 µM and 2.27 µM, respectively.  
 Multi-enzyme co-localization on PLQD micelles 4.2.5
To co-localize both GOX-AF594 and HRP-AF647 on PLQD micelles, appropriate 
volumes of dye-enzyme conjugates were added to a 250 µL PLQD stock solution with PBS 
buffer to obtain a final solution volume of 500 µL. The reaction solution containing 0.1 nM 
GOX and 1.1 nM HRP was incubated overnight with rotation at 4 oC.  
 Single enzyme adsorption and multi-enzyme co-localization using FRET 4.2.6
A FRET study of GOX-AF594- or HRP-AF594-PLQD solution was carried out using a 
dual monochromator spectrofluorimeter (Fluoromax-4, Horiba Jobin Yvon, USA) with 
excitation at 440 nm and slit widths of 4 nm (excitation and emission) with 5 fold-dilution. For 
the GOX-AF594 and HRP-AF647 co-localization on the PLQDs, a wavelength of 594 nm 
was used to excite the samples.  
 Enzyme assays 4.2.7
The individual enzyme and multi-enzyme assays were performed as described 
previously14. For HRP, the kinetic reactions were carried out by adding 20 µL of 100 ng/mL 
HRP-AF594 or HRP-AF594-PLQD into 180 µL of substrate solution in a 96-well plate and 
monitored using a fluorescent plate reader. For GOX, 10 µL of 5 µg/mL HRP was added into 
the 180 µL substrate solution and the reaction was subsequently initiated by adding 10 µL of 
2 µg/mLGOX-AF594 or GOX-AF594-PLQD. For the co-localized enzymes, 10 µL of the 
prepared co-localized sample was added to 190 µL of substrate solution containing glucose 
and Amplex red and the reaction was monitored using a fluorescent plate reader as 
79 
 
described above. To compare with the free enzyme mixture, equivalent concentrations of 
each individual enzyme was added into the same substrate solution and used as a control.  
 Statistical Analysis 4.2.8
The mean and standard deviation data presented herein were the results of 
independent experiments that were performed in triplicate. Significant differences between 
groups were evaluated by a Student’s t-test with p ≤ 0.05. 
4.3 Results and Discussion   
 Adsorption of single enzymes on PLQDs 4.3.1
The PLQD micelles were produced in a multi-inlet vortex mixer based on flash nano-
precipitation, in which the hydrophobic organic QDs were encapsulated into self-assembled 
amphiphilic Pluronic® tri-block micelles. In general, smaller particles exhibit higher enzyme 
loading capacity because of their large surface area per unit volume. However, 
nanoparticles that are too small may significantly reduce the probability of co-localization of 
multiple enzymes on the same nanoparticles. The size of the individual QD nanoparticles 
and that of the Pluronic® micelles ranged from 2 to 10 nm.31 It has been reported that on 
average, the loading capacity of one QD particle is up to 3 molecules of HRP.32 The average 
size of the PLQD micelles fabricated was approximately 145 nm, which resulted in larger 
loading capacity for enzymes when compared to QD particles or Pluronic® micelles. In the 
subsequent enzyme adsorption studies, the inner core of the PLQDs, which consists of the 
QDs and the hydrophobic segment of the polymer primarily attract the enzyme molecules 
and retain them on the micelles. The outer brushes, formed by the hydrophilic blocks of the 
polymer, also interact with the protein to prevent unfavorable conformational changes, 
leading to preservation of the enzymatic activity. The size of the micelles before and after 
adsorption of dye-conjugated enzymes was measured using DLS. As shown in Figure 2, the 
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size distribution of the micelles prior to adsorption was narrow. While the adsorption of the 
dye-conjugated enzymes did not significantly affect the micelle size distribution, it increased 
the mean size of the micelles (Table 4.1). Overall, the micelle size increased with increasing 
enzyme concentration. The larger micelle size at high enzyme concentration may be 
attributed to a combination of compact loading and adsorption of multiple layers of enzymes 
onto the micelles. When the enzyme concentrations were further increased (i.e., to twice the 
highest concentrations used), the size of the PLQD-enzyme micelles decreased to 
approximately 40-50nm (data not shown). This apparent decrease may be attributed to 
oversaturation of the enzyme, and the smaller size is a result of a bi-modal distribution of 
free dye-conjugated enzyme molecules and the PLQD-enzyme micelles. The subsequent 
single enzyme kinetics studies were carried out at or below the higher enzyme 
concentration(s) to minimize the presence of free enzymes in solution. 
 FRET study between QDs and dye-conjugated enzymes 4.3.2
To further characterize single enzyme adsorption onto the micelles, each enzyme 
was labeled with a fluorescent dye that can be paired with the QDs and exhibit FRET. 
Typically, FRET occurs when the distance between the donor and the accepter is within 10 
nm.33  An excitation wavelength of 440 nm was used to maximize the excitation of QDs and 
minimize the direct excitation of the dye. Figure 3 shows energy transfer from the QDs to the 
dyes as indicated from the quenching of the primary QD peak at 570 nm by adsorption of 
the dye-conjugated enzymes. In control experiments, the QD peak was not quenched by 
adsorption of enzymes without dye labeling (blue curve in Figure 4.3). From these 
experiments, it is reasonable to surmise that the presence of the dye caused significant 
quenching of the QD peak, which suggests that the distance between the dye and QD is 10 
nm or less. The peak of the dye at 620 nm was not obvious, which may be because the 
energy used was not high enough to excite the dye. In the PLQD micelles, the QDs on the 
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outer shell were quenched by the dyes on the enzyme close to the micelle surface. Hence, 
the dyes on the enzymes that are far away from the QDs cannot be excited. The energy 
transferred from the QDs was not high enough to excite all the dyes, which may also explain 
the lack of a linear correlation between quenching and enzyme concentration. 
 Catalytic performance of single enzymes adsorbed on PLQDs 4.3.3
Before performing co-localization studies, the catalytic performance of single 
enzymes adsorbed onto PLQDs was evaluated to ensure that enzyme activity was not 
affected by adsorption. Previous studies have shown that covalently immobilized GOX on 
magnetite nanoparticles has similar activity as free enzyme in solution, likely because 
conformational changes did not block access to the active site.34 To maximize the loading as 
well as enzymatic activity, the reaction was carried out overnight at 4 oC. In these 
experiments, the single enzymes were labeled with AF594 dye for consistency. 
The kinetics of the reaction catalyzed by each enzyme was evaluated to compare 
enzymatic performance of adsorbed enzyme vs. free enzyme in solution. The amount of 
final product concentration in solution as a function of time was measured at each glucose 
substrate concentration using UV-Vis spectroscopy. All the initial reaction rates were 
estimated from the derivatives of a polynomial equation, which modeled the change in the 
resorufin concentration with reaction time. The data in Figure 4.4(a) were obtained by 
plotting initial reaction rates vs. substrate concentration and indicate that the adsorbed and 
free enzymes displayed similar kinetic behavior. To determine the kinetic parameters, a 
Michaelis-Menten model was used and the Km and vmax values of free and adsorbed GOX 
were estimated using a linear least squares method. These values are shown in Table 4.2. 
The Km values for both adsorbed and free GOX were 8.9 mM, which indicated that the 
affinity of the enzyme active site to the substrate did not change after adsorption. Likewise, 
the vmax values of both adsorbed and free enzyme were 11.1 µM/min. Overall, the GOX 
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activity was retained after adsorption. Similar analyses were performed to obtain the kinetic 
parameters of free and adsorbed HRP (Figure 4.4(b)). As shown in Table 4.2, the Km and 
vmax values for both free and adsorbed HRP were statistically indistinguishable, indicating 
that the adsorbed HRP also retained its activity.  
 Co-localization of GOX-AF594 and AF-647-HRP on PLQD micelles 4.3.4
To maximize the production of resorufin, the ratio of the concentrations of free GOX 
and HRP was varied from a GOX:HRP molar ratio of 1:4 to 1:40. The results indicated that 
resorufin production increased with increasing HRP concentration and a plateau was 
reached at a GOX:HRP ratio of 1:10 (data not shown). Based on these results, a GOX to 
HRP molar ratio of 1:10 was selected to perform the co-localization studies. 
In these studies, an excitation wavelength of 594 nm was chosen to maximize the 
emission of QDs and to minimize the direct excitation of the dye(s). When both HRP-AF647 
and GOX-AF594 were mixed with the PLQD micelles, the primary AF594 peak at 620 nm 
was quenched (Figure 4.5) in contrast to the situation when an equivalent concentration of 
GOX-AF594 was adsorbed onto the PLQD micelles. The quenching demonstrates energy 
transfer between the AF594 and AF647 dyes. The quenching also indicated that the dyes 
were within a few nm of each other, providing indirect evidence of co-localization on the 
same PLQD micelles.  
The enzymatic performance of the optimized co-localized GOX and HRP system was 
evaluated by measuring the kinetics of the coupled reaction catalyzed by this “artificial” 
multi-enzyme complex. Equivalent concentrations of free enzymes in solution were studied 
under the same experimental conditions as a control. The results shown in Figure 4.6 
indicate that co-localizing the two enzymes on the same PLQD micelles enhanced the 
overall product conversion by 100%.  
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These results demonstrate the clear benefits of sequentially co-localizing multiple 
enzymes on nanoscale platforms. In many real-world systems, it is critical to co-localize 
enzymes so that reaction intermediates can rapidly find the next active site for the reaction 
to proceed. In situations where the intermediate product has a short lifetime, such a strategy 
may pay even more dividends. It is important to co-localize the enzymes within a few nm of 
each other (as demonstrated by FRET in this study) to enable production of the desired 
product. The biomimetic strategy outlined herein shows the value of using nanoscale 
platforms to accomplish this goal. This strategy is broadly applicable to other sequentially 
coupled multi-enzyme reactions by appropriately tailoring the nanoscale platform and co-
localization methodology. 
4.4 Conclusions 
In this study, novel QD-embedded Pluronic®-based micelles were designed to co-
localize multiple enzymes. It was shown that adsorption of single enzymes led to quenching 
of the fluorescence due to the QDs, indicative of FRET between the enzyme and the QDs. 
The catalytic activity of single enzymes was retained after immobilization. The occurrence of 
FRET between the two enzymes, when conjugated to the micelles, demonstrated that the 
enzymes were within a few nm of each other, which is indirectly indicative of co-localization 
on the same PLQD micelle. The co-localization of both enzymes on PLQD micelles 
enhanced the overall conversion rate by approximately 100% compared to the equivalent 
concentration of free enzymes in solution. This study describes the design of a nanoscale 
biomimetic materials platform for multi-enzyme co-localization and an effective strategy to 
characterize multi-enzyme immobilization and co-localization. 
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Figure 4.1 Schematic representation of the strategies for adsorption of single enzymes (top) and co-
localization of multiple enzymes (bottom) on Pluronic
®
-QD (PLQD) micelles. Note that the polymers, QDs 
and enzymes are approximately drawn to scale. 
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Figure 4.2 Size distribution of PLQD micelles characterized by DLS: (a) after adsorption of GOX-AF594 at 
three different concentrations; and (b) after adsorption of HRP-AF594 at two different concentrations. 
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Figure 4.3 Demonstration of FRET between the QDs and AF594 dye-conjugated enzyme: (a) GOX-AF594 
and (b) HRP-AF594. The arrow indicates quenching of the primary peak at 570 nm. In each figure, the 
fluorescence intensities of samples with enzymes or dye-enzymes were normalized to that of PLQD 
micelles. 
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Figure 4.4 Initial reaction rate as a function of substrate concentration for: (a) free and adsorbed GOX-
AF594 and (b) free and adsorbed HRP-AF594. 
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Figure 4.5 Demonstration of FRET between GOX-AF594 and HRP-AF647 co-localized on PLQD micelles. 
The arrow indicates quenching of the AF594 dye in the presence of the AF647 dye.  
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Figure 4.6 Resorufin conversion catalyzed by co-localized GOX-AF594 and HRP-AF647 on PLQD micelles 
compared to that catalyzed with equivalent concentrations of free GOX-AF594 and HRP-AF647 in 
solution. 
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Table 4-1Size and size distribution of PLQDs and enzyme-PLQDs 
 
PLQD 
0.1 µM 
GOX-
AF594-
PLQD 
0.25 µM 
GOX-
AF594-
PLQD 
0.625 µM 
GOX-
AF594-
PLQD 
0.91 µM 
HRP-AF594 
PLQD 
2.27 µM 
HRP-AF 
594-PLQD 
Size (nm) 143.0 144.0 147.2 156.1* 148.6 209.0* 
Standard 
deviation 
2.8 2.6 1.4 0.7 6.7 3.2 
n = 3, * represents a statistically significant difference when compared with PLQD micelles 
(p ≤ 0.05) 
 
Table 4-2 Comparison of kinetic parameters of free enzymes and enzymes adsorbed onto PLQD micelles. 
No statistically significant differences were observed between the parameters of the free enzymes and 
that of the adsorbed enzymes. 
 
GOX-AF594 
GOX-AF594 
PLQD 
HRP-AF594 
HRP-AF594 
PLQD 
vmax (µM/min) 11.1 ± 1.1 11.1 ± 0.8 9.0 ± 0.6 8.9 ± 1.1 
Km (mM for GOX, 
µM for HRP) 
8.9 ± 2.6 8.9 ± 1.1 21.8 ± 5.6 19.8 ± 5.6 
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Chapter 5 Multi-enzyme immobilization and co-localization on 
nanoparticles assisted by DNA hybridization  
Modified from the manuscript to be submitted to ACS Nano 
Abstract  
Multi-enzyme complexes (MECs) in Nature exhibit highly efficient catalytic 
mechanisms in reaction cascades. Researchers have developed distinctive strategies to co-
localize enzymes on nano-carriers to improve multi-enzyme catalytic efficiency by mimicking 
the MEC’s structure and function. Numerous studies have indicated that the spatial 
arrangement and orientation of multiple enzymes in confined spaces are very critical in 
facilitating cooperative enzymatic activity in multi-enzyme co-localization. Biomolecule 
scaffolds based on DNA hybridization have attracted great attention because of their unique 
effective control of the relative positions of different enzymes in multi-enzyme co-localization. 
To demonstrate this concept, glucose oxidase (GOX) and horseradish peroxidase (HRP) 
were co-localized onto polystyrene nanoparticles via specific DNA hybridization. The particle 
geometry was selected, because it is hypothesized that, compared to planar surfaces, 
nanoparticle geometry is more suitable for co-localization of multi-layers of enzymes due to 
lesser steric hindrance. Free DNA hybridization and co-localization efficiency were studied 
using FRET techniques. The immobilization of single enzymes was studied to investigate 
the steric hindrance. The co-localization of the GOX and HRP was evidenced by FRET 
studies of the dyes labeling the two tag DNAs. Finally, it was found that  co-localizing GOX 
and HRP via DNA hybridization significantly improved the overall reaction efficiency as 
compared to single enzyme immobilization mixture, which is not responsive to the carrier 
DNA density and showed great stability over time. In summary, the DNA directed co-
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localization of the enzymes on nanoparticles is an effective way to control the relative 
positioning of the enzymes to mimic MECs. 
5.1 Introduction 
Enzymes, which are nature’s catalysts that are involved in many reactions that take 
place in living organisms, have evolved to catalyze various chemical reactions including 
multi-step reactions.1 Multi-enzyme complexes (MECs) are composed of multiple enzyme 
subunits or large polypeptides with defined tertiary and quaternary structure containing 
compact multiple catalytic centers that are in close proximity to each other. By bringing the 
enzymatic catalytic active sites together, reaction intermediates can be transported rapidly 
among the active sites via a “substrate channeling” effect, which can reduce the diffusion 
loss as occurred in free enzyme catalytic process and maintain high local concentration of 
intermediates, which is especially critical for unstable intermediates. In addition, MECs 
significantly increase the overall reaction turnover efficiency. The benefits of MECs have 
inspired researchers to design artificial MECs to mimic the structure and functionalities of 
MECs.  A number of ways have been designed as summarized in our review paper.2  
Enzyme immobilization-oriented strategies exhibits great potential because of their 
economical reusability, enhanced kinetic performance, and higher stability under harsh 
operating conditions (e.g., extreme pH and temperature). 3,4  
Nanoparticles have attracted much attention because of large surface areas for 
immobilization and no internal diffusion, as opposed to porous materials. Polymeric 
nanoparticles are relatively inexpensive and provide large flexibility in terms of selecting 
materials and designing architectures compared to inorganic materials. The unique solution 
behavior of nanoparticles provides enhanced mobility of biocatalysts in solution, which 
potentially could promote the catalytic performance. 5 It has been widely recognized that the 
spatial orientation of multiple enzymes plays a significant role in mimicking the MECs in 
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Nature.6 For example, it has been demonstrated that enzymes co-localized in the same 
layers on nanoparticles have higher kinetic performance than those in separate layers. Our 
group has designed two distinct strategies of fabricating biomimetic artificial MECs 
demonstrated by co-localizing GOX and HRP on multifunctional nanoparticles7 and Pluronic-
QD micelles8, respectively. In both cases, the activity of each individual enzyme was 
retained in single component immobilization and the co-localized enzymes exhibited 
superior kinetic performance compared to free enzymes in catalyzing cascade reactions.7,8 
In addition, the Pluronic-QD platform enabled the characterization of enzyme attachment 
onto the micelles by FRET.8  
Most recently, researchers have used biomolecule scaffolds such as DNA to direct 
the co-localization of multiple enzymes to in cascaded reaction systems. 9–13 The unique and 
precise hybridization by complementary DNA provides powerful control over the spatial 
arrangement of the enzymes, compared to other co-localization strategies. The relative 
positions of multiple enzymes can be controlled by hybridization of the tag DNA with the 
complementary capture DNA as well as the various DNA sequence length. DNA 
hybridization, which is the key to self-assembly of artificial MECs, is the process of 
combining two complementary single-stranded DNA (ssDNA) molecules in helical structure 
using the four basic nucleotides to achieve pairing in a mild reaction environment. Thus, 
DNA-directed co-localization provides exceptionally high stability for DNA-enzyme 
conjugates by preserving the enzymatic activity. 14 Niemeyer et al. reported co-localization of 
NAD(P)H: FMN oxidoreductase (NFOR) and luciferase (Luc) that catalyze cascaded 
reactions via DNA hybridization and demonstrated the application of this approach for co-
localization on planar surfaces.9  That resulted in a significant improvement in overall 
enzymatic activity. They also showed that the steric hindrance significantly impacted the 
formation of the DNA-enzyme complex.9 Likewise, Müller and Niemeyer used protein 
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engineering combined with DNA hybridization directed evolution to develop supra-molecular 
complexes using DNA as a scaffold for enzyme assembly. They attached glucose oxidase 
(GOX) and horseradish peroxidase (HRP) by covalent binding to short single-stranded 
biotinylated and thiolated DNA oligonucleotides (ssDNA) and brought them together using 
DNA-directed hybridization of short DNA with long complementary capture DNA to form a 
scaffold. The activity of the multi-enzyme complex was significantly enhanced compared to 
enzymes immobilized on separated strands and it was demonstrated that the efficiency of 
the self-assembly significantly depended on position and steric factor between the DNA-
enzyme conjugates.10  
It is hypothesized that the DNA hybridization efficiency can be higher for nanoparticle 
geometry compared to other geometries such as planar surfaces because of less steric 
hindrance,9,10 which might be further impacted by particle size. In this work, our goal is to 
develop a biomimetic strategy based on DNA hybridization to co-localize multiple enzymes 
on nanoparticles via DNA-directed hybridization (Figure.5.1). Specifically, the co-localization 
of two tag DNAs as well as tag DNA enzyme conjugates was verified using FRET by 
conjugating the DNAs with respective fluorescent dyes. Singe enzyme immobilization by 
DNA hybridization was studied and optimized.  The enzyme co-localization was studied with 
various configurations and significant enhancement of kinetics was found. HRP and GOX 
were used in a cascade reaction to form the highly red-fluorescent oxidation product, 
resorufin. The use of this approach will lead to DNA-conjugates that form a double-stranded 
DNA scaffold with spatial control that can be applied for other applications. Here, we present 
our work on DNA-directed co-localization of two enzymes on nanoparticles. 
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5.2 Materials and Methods 
  Chemicals 5.2.1
Streptavidin-conjugated polystyrene (SPS) beads (0.3-0.39 µm) were purchased 
from Spherotech. Streptavidin-HRP (SHRP) and Avidin-GOX(AGOX) were purchased from 
BioLegend and Vector Lab, respectively.  Amplex® Red was purchased from Invitrogen. 
Hydrogen peroxide, sodium chloride, and trisodium phosphate were purchased from Fisher 
Scientific. Oligonucleotides sequences 10  were synthesized by Integrated DNA 
Technologies, and the corresponding sequences are listed in Table 5.1. All aqueous 
solutions were prepared using purified water from Thermo Scientific’s Barnstead Nanopure 
Ultrapure Water System. 
  Biotinylated DNA attachment onto SHRP, AGOX and S-PS nanopartilces  5.2.2
To attach tag DNA A or B to SHRP or AGOX, 27 µL of 0.1 nmol/mL of DNA solution 
was mixed with 500 µL of 0.5 mg/mL SHRP or 120 µL of 5 mg/mL AGOX solution and 
incubated for 1 h (1:1 molar ratio of biotin and streptavidin) at room temperature. To attach 
carrier DNA onto S-PS nanoparticles, 150 μL of 1% of SPS nanoparticle suspension was 
mixed with an appropriate amount of 0.1 nmol/mL carrier DNA solution with a range of molar 
ratio (biotin binding capability in terms of nmol per mg nanoparticles was provided by the 
manufacturer based on biotin-FITC binding efficiency). Specifically, the S-PS particles were 
mixed with the carrier DNA solution and incubated for 1 h or 3h using constant speed ~4 in a 
Roto-shaker at room temperature. Alexa Fluor 594 dye labeled carrier DNA was used to 
investigate the reaction time study. After reaction, the mixture was micro-centrifuged at 
16,000 X g for 6 min to separate the nanoparticles from the original supernatants and the 
particles at the bottom were re-suspended in Tris buffer.  The sample was dispersed using 
sonication for 10 seconds (pulse - 20% Amp) and separated again by micro-centrifugation 
for 6 min at 16,000 X g. The supernants was collected and this wash step was repeated until 
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no significant intensity was observed. The DNA in the supernatants was quantified 
according to fluorescent intensity.  
  Co-localization of DNA by hybridization studied by FRET 5.2.3
To evaluate how the two short tag DNA strands co-localize by hybridization with the 
corresponding segments on the long carrier DNA strand, two fluorescent dyes were 
conjugated with  tag DNA: Alexa Fluor 594 conjugated B(B-AF594) and Alexa Fluor 647 
conjugated A (A-AF647) were used to hybridize with c(AB) conjugated PS-STV 
nanoparticles. The dye-DNA conjugated was synthesized by Integrated DNA Technologies. 
Specifically, in a reaction tube, 6 µL 0.1 nmol/µL AF594-B was mixed with 100 µL of 1.4 
nmol/mg carrier DNA -SPS first, and 6 µL of 0.1 nmol/µL AF647-A  was added. The 
emission fluorescence from 604 to 750 nm was monitored under excitation of 594 nm with 
time. For initial control sample, instead of adding 6 µL of AF647-A, equivalent volume of Tris 
buffer was added.  
  Co-localization of DNA-enzymes characterized by FRET 5.2.4
To investigate the co-localization of the DNA-enzyme conjugates on the long carrier 
DNA chain, the tag DNAs were conjugated with fluorescent dyes that can be paired to have 
FRET occur. The dye conjugated DNAs, AF594-B and AF647-A were further used for 
attaching to the AGOX and SHRP, respectively as described above, to obtain AF594-B-
AGOX and AF647-A-SHRP. Capture DNA-PS was conjugated with the S-PS as mentioned 
above. Specifically, 40 µL AF594-B-AGOX was mixed with 50 µL of 1.4 nmol/mg carrier 
DNA conjugated with PS-STV first, and 160 µL of AF647-A-SHRP was added. The emission 
fluorescence from 604 to 750 nm was monitored under excitation of 594 nm with time. For 
initial control sample, instead of adding 160 µL of AF647-A, an equivalent volume of Tris 
buffer was added.  
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  SHRP and AGOX immobilization on S-PS via DNA hybridization 5.2.5
SHRP was immobilized onto the SPS beads via hybridization of the short tag DNA 
and long carrier DNA strands. Each sample containing 50 µL of 10 mg/mL nanoparticles 
with 1.4 nmol carrier DNA per mg SPS in Tris were mixed with appropriate volume of A-
SHRP, B-SHRP or both to make the reaction ratio of tag DNA and carrier DNA about 1:1. 
The samples were incubated for 3h at room temperature. After the reaction, each sample 
was separated by micro-centrifugation for 6 min at 16,000 X g. The supernatants were 
removed and this step was repeated until no protein was detectable in the supernatant. 
Similarly, AGOX were immobilized by hybridization of short tag DNA and long carrier DNA 
strands. 
  SHRP and AGOX co-localization on S-PS via DNA hybridization 5.2.6
Prior to co-localizing SHRP and AGOX on the S-PS nanoparticles, SHRP-tag DNA, 
AGOX-DNA and carrier DNA-S-PS were prepared as described above. With the product 
obtained, the two enzymes were co-localized on the nanoparticles by mixing the enzyme-
DNA conjugate and the DNA-S-PS simultaneously. In one single sample, 50 µL of c(AB) or 
c(BA) conjugated S-PS were mixed with appropriate volume of A or B conjugated SHRP 
and AGOX and incubated for 3 h. The unconjugated enzyme-DNA mixtures were removed 
by microcentrifugation and the process was repeated until enzyme-DNA was not detectable 
in the supernatants. To prepare the control, either AGOX or SHRP conjugates were mixed 
with the c(AA) or c(BB) to have single type enzyme immobilized on the S-PS nanoparticles.   
 Enzyme kinetics assay 5.2.7
For all the samples and controls, 90 µL of substrate solution containing hydrogen 
peroxide and Amplex Red was loaded into 96-well plates. For co-localized samples, 10 µL 
of enzyme-particle solution was added in the substrate solution; For the mixture control 
sample, 5 µL of each immobilized enzyme was added into the corresponding substrate 
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solution.  In the final 100 µL solution, the concentrations of H2O2, Amplex Red, and PS-STV 
were 10 µM, 55 µM and 5 µg/mL, respectively. The reaction was monitored using a 
fluorescent microplate reader.  
5.3  Results and Discussion 
  Carrier DNA attachment study 5.3.1
The streptavidin and biotin have high affinity for each other, which is comparable to 
covalent binding, to conjugate the carrier DNA to the PS nanoparticle surface and tag DNA 
to the enzymes. Biotinylated DNA and streptavidin coated nanoparticles were used, along 
with streptavidin conjugated HRP, and avidin conjugated GOX, in the study. The reaction 
was carried out for two time periods- 1 h and 3 h, by attaching fluorescent dye conjugated 
carrier DNA to study the reaction time. It was found that the longer times did not significantly 
increase the reaction efficiency as opposed to shorter times. For the following experiment of 
attaching tag DNA to the enzymes and carrier DNA to the PS nanoparticles, a 1 hour 
reaction time was used 
  DNA hybridization study by FRET 5.3.2
DNA hybridization was monitored by using dye conjugated tag DNA and carrier DNA, 
as shown in figure 5.2, and the successful hybridization was confirmed by FRET between 
the dye conjugated tag DNA as well as respective segments on the carrier DNA. The 
hybridization was completed within 1 h, and both hybridizations were found for the free DNA 
chains and on the PS nanoparticles. 
  Co-localization two tag DNAs characterized by FRET 5.3.3
FRET was used to characterize the co-localization of the two tag DNA chains via 
hybridization with the corresponding segments on the carrier DNA on SPS. Two fluorescent 
dyes that can be paired to have FRET occur were respectively conjugated on the two tag 
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DNAs. As shown in Figure 5.3, it was found that based upon addition of A-AF647 DNA-dye 
conjugates, the peak corresponding to the donor dye AF594 conjugated with B was 
significantly quenched, and that of the acceptor dye AF647 was excited in the far range. As 
the DNA hybridization reaction proceeded, more quenching and exciting occurred between 
the two dyes that labeled the tag DNAs. This can only occur when the donor and acceptor 
dyes are within 10 nm or less of each other, which provided strong evidence that the two 
DNA units were co-localized on the long DNA chains. In addition, the FRET did not change 
significantly after 1 h. At 2 h, the DNA hybridization reaction was completed. To maximize 
the reaction efficiency, the hybridization reaction was carried out for 3h to ensure complete 
reaction. 
  Co-localization of SHRP and AGOX by FRET study 5.3.4
Similar to the DNA co-localization study, the co-localization of AGOX and SHRP 
were characterized using FRET. Bi-functional tag DNAs were used in this study. The 
fluorescent dyes AF594 and AF647 were respectively conjugated to the 3’ end of B and A 
tag DNAs, respectively. Both tag DNAs have biotin functional groups on the 5’ end, which 
were respectively used to conjugate with the AGOX and SHRP. As shown in Figure 5.3(b), 
the donor dye AF594 conjugated with B was significantly quenched after addition of SHRP-
A-AF647 conjugates, and the acceptor dye AF647 was excited at the far range. This 
occurred because the donor and acceptor dyes are within 10 nm or less, which just provided 
evidence that the two enzyme dye conjugates were co-localized on the long DNA chains. 
  SHRP immobilization on SPS nanoparticles via DNA hybridization 5.3.5
Single enzyme DNA conjugate A-SHRP was immobilized on the PS nanoparticle 
surface in three different configurations as shown in Figure 5.4. For immobilization on carrier 
DNA c(AB), SHRP was located at the inside segment that is closer to the PS surface as 
compared to c(BA) carrier. There was more steric hindrance for that type of configuration, 
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leading to lesser enzymatic activity observed in catalyzing the reaction. In c(AA) carrier, both 
inner and outer segments on long DNA chains were hybridized with the tag DNA to have A-
SHRP immobilized. It was found that the activity was close to the sum of those of c(AB) and 
c(BA), and the increase of the activity is from the greater number of enzyme-DNA 
conjugates immobilized on the PS surface. The capability of taking more enzymes on c(AA) 
as opposed to either c(AB) or c(BA) meant that the two enzyme DNA conjugate molecules 
can be actually co-localized on the same long DNA chain, which provide evidence for 
feasibility of co-localizing two components on carrier DNA by hybridization. A control sample 
which has no carrier DNA was used, and the enzymatic activity was observed, but 
significantly less than on the samples with carrier DNAs. 
  AGOX immobilization on SPS nanoparticles via DNA hybridization 5.3.6
A similar immobilization study was conducted using single enzyme DNA conjugate 
A-AGOX and carrier DNA c(AB), c(BA) and c(AA). As shown in Figure 5.5, the sample of A-
GOX immobilized on c(AB), located at the inside segment that is closer to the PS surface as 
compared to c(BA) carrier, exhibited less enzymatic activity. Steric hindrance for that type of 
configuration was responsible for less enzymatic activity observed in catalyzing the reaction. 
As predicted, the sample of c(AA) carrier, where both inner and outer segments on long 
DNA chains were hybridized with the tag DNA to have A-AGOX immobilized, has shown 
higher enzymatic activity, which was closer to the sum of those of c(AB) and c(BA). The 
adsorption control sample with no carrier DNA showed high enzymatic activity.  This might 
be caused by the “unwanted” and uncontrolled co-localization of AGOX and SHRP, resulting 
from non-specific adsorption of SHRP enzyme on PS nanoparticle that used in the activity 
assay process. 
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  Kinetic enhancement by co-localizing the enzymes 5.3.7
To co-localize the enzymes, both AGOX and SHRP were conjugated with short tag 
DNAs. In the first set of experiments, AGOX and SHRP were conjugated with B and A tag 
DNA, respectively, and the enzyme –DNA conjugates were co-localized on c(AB) and c(BA) 
separately. Equivalent quantities of carrier DNA c(AA) and c(BB) were used to immobilize 
the same feed quantities of A-SHRP and B-AGOX  separately. Then the mixture of 
immobilized AGOX and SHRP were used as controls. The coupled reactions catalyzed by 
co-localized enzymes and the mixture are compared in Figure 5.6. The overall product 
conversion rates were significantly higher for the co-localized B-AGOX and A-SHRP 
compared to the mixture control. The efficiency of c(BA) sample was slightly lower than that 
of c(AB), which might be caused by less co-localization efficiency of the two enzymes 
because of steric hindrance. In the second set of experiments, AGOX and SHRP were 
conjugated with A and B tag DNAs, respectively as shown in Figure 5.7. The co-localized 
enzymes showed more improvement in the kinetics efficiency on c(BA) than c(AB), which is 
the opposite of relations as observed in the first set of experiments as expected. However, 
the kinetics of the coupled reaction efficiency was not high for c(AB) as compared  to the 
controls, and it is believed that the steric effect is somehow higher in that configuration. 
Modifying the carrier DNA by inserting a short spacer might solve the issue, which is 
currently being investigated. The manufacturer provided the information of biotin binding 
capacity on the streptavidin coated polystyrene nanoparticles, which is based on the biotin-
FITC. Due to the different sizes of the FITC and DNA, the real capacity might be different.  
In Muller’s study, it was found that the lower concentration of DNA led to greater  co-
localization efficiency because of less steric effects involved.10  
The impact of DNA density on co-localization on nanoparticles was studied in this 
work, and a series of concentrations of biotin-DNA chains were used to attach to the 
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streptavidin on the PS surface at a constant PS concentration 0.75 mg/mL. As listed in table 
2, once the DNA concentration was increased to 1.5 nmol, only about 70% of the initial input 
was conjugated on the particle surface, which means that the saturated concentration is 
around 1.4 nmol/mg. The average density of the “saturated” DNA concentration (3.6 nm) 
was actually lower than the lowest average DNA density used in Muller’s work (1.3 nm) 
between carrier DNA chains as illustrated in Figure 5.8 To further investigate the DNA 
density impact, 1.2 nmol/mL and 0.7nmol/mL was used; however, the enzymatic activity was 
not further improved in that case, as shown in Figure 5.9.  
  Stability of co-localizedSHRP and AGOX 5.3.8
The co-localized enzymes were further studied to gauge the effect of storage on 
enzyme stability. The samples were stored under 4 oC environment and their activity tested 
periodically. It was found that both the co-localized and immobilized enzymes did not lose 
activity over a period of one week. To the best of our knowledge, this is the first study based 
on the shelf life of co-localized enzyme, which shows great promise for long term storage 
potential in the future application. Longer term stability studies are ongoing right now.   
5.4  Conclusions 
In this study, multi-enzyme co-localization on nanoparticles with precise spatial 
control using DNA hybridization was investigated. DNA direct co-localization has attracted 
great attention because of its unique effective control of the relative positions of different 
enzymes in multi-enzyme co-localization. Glucose oxidase (GOX) and horseradish 
peroxidase (HRP) were used to evaluate the performance of co-localized enzymes by DNA 
hybridization. Free DNA hybridization and co-localization efficiency were studied using 
FRET techniques. Various capture DNA concentrations were compared and optimized. The 
immobilization of single enzyme was studied to investigate the steric hindrance effect. The 
co-localization of the GOX and HRP were evidenced by FRET studies of the dyes labeling 
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the two tag DNAs. Finally, it was found that the co-localized GOX and HRP via DNA 
hybridization significantly improved the overall reaction efficiency as compared to single 
enzyme immobilization mixture. The kinetics enhancement was observed in the both sets of 
comparison with different DNA-enzyme conjugates. As opposed to non-specific spatial 
control method in co-localization, DNA-based co-localization techniques provide strong 
control over spatial arrangement and organization in multi-enzyme co-localization study, 
which can also been seen from the FRET characterization and greater kinetics 
enhancement  The nanoparticles provide significant larger capacity for immobilizing multiple 
enzymes comparing to the flat surface platform. The less dense carrier DNA density as well 
as less steric effect in particle geometry might contribute the higher overall kinetics 
enhancement. The long term stable co-localized enzymes provide more promise in long 
term applications. Overall, the DNA directed co-localization of the enzymes is superior in 
controlling the relative positioning of the enzymes to mimic MECs. 
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Figure 5.1Schematic approach for co-localizing SHRP and AGOX on PS nanoparticles by hybridization of 
short tag DNA and respective segments on long carrier DNA chain. The figure is drawn approximately to 
scale.  
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Figure 5.2Hybridization of tag DNA and corresponding complementary segment on long DNA chain. (a) 
free DNA chains in solution (b) carrier DNA on SPS. 
 
 
 
109 
 
 
 
 
Figure 5.3 Co-localization of (a) two tag DNAs chains on carrier DNA chains and (b) two enzyme-DNA 
conjugates characterized by FRET between the two fluorescent dyes 
 
 
(a) 
(b) 
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Figure 5.4SHRP immobilization on SPS via hybridization of tag DNAs with three different types of carrier 
DNA, c(AB), c(BA) and c(AA).  
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Figure 5.5 GOX immobilization on SPS via hybridization of tag DNAs with three different types of carrier 
DNA, c(AB), c(BA) and c(AA).  
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Figure 5.6 Kinetic enhancement by co-localizing A-SHRP and B-AGOX. 
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Figure 5.7 Kinetic enhancement by co-localizing B-SHRP and A-AGOX. 
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Figure 5.8 Illustration of lowest DNA densities on flat surface and highest on NPs surface  
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Figure 5.9 Effect of DNA density on enzyme co-localization  
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Figure 5.10Stability of co-localized and immobilized enzymes over time 
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Table 5-1DNA sequences used in this work 
Abbreviation Function Sequences 
A Tag DNA 5’-biotin-GGT CCG GTC ATA AAG CGA TAA G - 3’ 
B Tag DNA 5'- biotin-GT GGA AAG TGG CAA TCG TGA AG -3' 
c(AB) Carrier DNA 
5'-biotin-CT TAT CGC TTT ATG ACC GGA CCCT TCA 
CGA TTG CCA CTT TCC AC -3' 
c(BA) Carrier DNA 
5'-biotin-CT TCA CGA TTG CCA CTT TCC ACCT TAT 
CGC TTT ATG ACC GGA CC -3' 
c(AA) Carrier DNA 
5'-biotin-CT TAT CGC TTT ATG ACC GGA CCCT TAT 
CGC TTT ATG ACC GGA CC -3' 
c(BB) Carrier DNA 
5'-biotin-CT TCA CGA TTG CCA CTT TCC ACCT TCA 
CGA TTG CCA CTT TCC AC -3' 
 
Table 5-2 DNA density data used in the enzyme co-localization studies 
 
  
Feed DNA quantity (nmol) PS-STV (mg) Efficiency 
DNA density 
(nmol/mg) 
0.25 0.75 0.98±0.01 0.3 
0.5 0.75 0.97±0.01 0.7 
1 0.75 0.87±0.01 1.2 
1.5 0.75 0.68±0.004 1.4 
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Chapter 6 Conclusions 
Biocatalysts have been broadly studied and applied in both scientific and industrial 
settings due to their highly energy efficient catalytic mechanisms, unique selectivity for 
substrates, and enhanced stability under harsh reaction environments. MECs existing in 
Nature have inspired researchers to design synthetic analogs to promote the overall 
catalytic efficiency in vitro by co-localizing multiple enzymes to mimic the MECs’ unique 
functionalities. A number of efforts have been devoted to designing synthetic MECs in the 
past couples of decades, which exhibit great potential in enhancing the overall enzymatic 
performance. Immobilization derived material based multiple enzyme co-localization 
approach has attracted much attention because of potential great promise for reliable 
industrial application. Multi-enzyme co-localization on platforms shares many common 
features with single enzyme immobilization. The different attachment techniques used in 
single enzyme immobilization and multiple enzyme co-localization have a direct impact on 
the overall enzyme orientation and activity. The various types of platforms developed for 
single enzyme immobilization enriched the starting choices for co-localizing multiple 
enzymes. Non-porous nanoparticle platforms provide advantageous characteristics for 
enzyme immobilization and co-localization due to their inherently large surface area for 
attaching enzymes and their solution properties in catalytic processes. 
  In multi-enzyme co-localization, the involvement of multiple components brings 
unique challenges. The various properties of the different enzymes (e.g., size, 
conformational stability) makes the co-localization process more complicated and a careful 
and rational selection of appropriate attachment techniques and platforms is necessary to 
retain enzymatic activity and improve performance. The relative positions of the multiple 
enzymes in a confined space play another significant role in affecting the interaction 
between different enzymes. This thesis work has been focused on developing novel 
119 
 
strategies to design nano-carriers for multi-enzyme co-localization to realize kinetics 
enhancement and strong control of spatial arrangement of the enzymes. Three distinct 
approaches have been designed using different methods and platforms as compared in 
table 6.1, which will be summarized in below.  
In the first study discussed in Chapter 3, multifunctional polystyrene nanoparticles 
were designed for immobilization and sequential co-localization of multiple enzymes GOX 
and SHRP using covalent binding and streptavidin-biotin coupling attachment techniques. 
Individual single enzyme immobilization was optimized to retain both GOX and SHRP 
activities. Then the GOX and SHRP were sequentially co-localized on B/C-PS nanoparticles, 
which enhanced the overall product conversion rate by approximately two-fold compared to 
the equivalent amount of free enzymes in solution. Those initial studies demonstrated the 
concept of mimicking structure and functions by co-localizing multiple enzymes to have clear 
kinetics benefits. The sequential co-localization strategy was designed to control each 
individual type of enzyme attachment.  
The polystyrene nanoparticles are a relatively robust and stable organic platform in 
aqueous solution. Facile separation methods such as micro-centrifugation can be used, 
indicating broad application potentials. However, the non-specific adsorption induced by the 
highly hydrophobic surface might cause unfavorable configuration changes of some 
vulnerable amphiphilic enzymes, which potentially results in “unwanted” enzymatic activity 
loss.  
In this second study discussed in Chapter 4, more biocompatible amphiphilic 
Pluronic-QD micelles were designed to co-localize multiple enzymes. This was designed to 
investigate the effect of a more flexible substrate, compared to the rigid polystyrene particles, 
and provide an effective way to characterize the co-localization of multiple enzymes. The 
hydrophobic QDs accumulated in the center core serve as primary attracting force to retain 
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the enzymes on the micelles, which also can be used to characterize the adsorption of 
enzymes by FRET. It was shown that adsorption of single enzymes led to quenching of the 
QDs and excitation of acceptor fluorescent dyes, indicative of FRET occur and adsorption of 
the enzymes on the micelles. The catalytic activity of single enzymes was retained after 
adsorption. Similarly, the FRET between the dyes on the two respective enzymes was also 
used to characterize the co-localization of the two enzymes on the same micelle. Finally, the 
two co-localized enzymes enhanced the overall conversion rate by approximately 100% 
compared to the equivalent concentration of free enzymes in solution, which is very 
comparable to the findings in the first study.  
Pluronic block polymers used in this work have shown great compatibility with 
vulnerable enzymes. However, the feature of “soft” micelles made separation challenging as 
compared to the polystyrene platform. Appropriate enzyme feed concentrations needed to 
be optimized to minimize the presence of free enzymes in solution. The similar improvement 
for kinetics might come from the random co-localization strategy used in both studies. To 
further increase the kinetics enhancement, more precisely control on the relative position of 
co-localized enzymes needs to be designed to bring the active sites on the enzymes closer. 
Precise DNA hybridization was used in this context and less hydrophobic streptavidin 
coated polystyrene nanoparticles were chosen as carriers. 
In the third study discussed in Chapter 5, DNA directed multi-enzyme co-localization 
on streptavidin coated polystyrene nanoparticles was investigated. The precise hybridization 
of complementary DNA chains has attracted great attention because of its unique effective 
control of the relative positions of different components. Two short DNAs can hybridize with 
the corresponding complementary segments on the long DNA to realize co-localization, 
which can be further controlled by the length of DNA sequence. In that study, free DNA 
hybridization and co-localization efficiency were firstly studied using FRET techniques. 
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Various capture DNA concentrations were compared and optimized. The immobilization of 
single enzyme was studied to investigate the steric hindrance effect. The co-localization of 
the GOX and HRP were evidenced by FRET studies of the dyes labeling the two tag DNAs. 
Finally, it was found that the co-localized GOX and HRP via DNA hybridization significantly 
improved the overall reaction efficiency as compared to single enzyme immobilization 
mixture. The kinetics enhancement was observed in the both sets of comparison with 
different DNA-enzyme conjugates.  
As opposed to non-specific spatial control method in co-localization, DNA-based 
methods provide strong control over spatial arrangement and organization in multi-enzyme 
co-localization study, which can also been seen from the FRET characterization and greater 
kinetics enhancement. Streptavidin coated surfaces are more compatible with enzymes, and 
can improve the long term stability of co-localized enzymes. Overall, the DNA directed co-
localization on SPS combines the advantages of the previous two studies and shows great 
promise for potential scientific and industrial applications. 
 In summary, three different approaches were designed and they have their own 
advantages and disadvantages so far in this dissertation. In order to achieve optimized 
multi-enzyme co-localization, appropriate strategy needs to be designed according to 
specific applications. Based on the studies in this thesis, it is important to consider the 
following perspectives: (1) The structure and function of each enzyme component needs to 
be carefully considered for multi-enzyme co-localization; (2) Appropriate attachment 
techniques and carrier platforms need to be rationally selected for all the enzymes; (3) 
Insights gained from single enzyme immobilization studies need to be used to optimize the 
reaction conditions for retaining the activity of the attached enzymes during co-localization; 
and (4) Using the above considerations, novel strategies need to be developed for single 
enzyme immobilization and co-localization. Overall, current research has amply 
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demonstrated the superior potential of co-localized multiple enzymes in terms of kinetically-
driven benefits. Future studies will need to focus on the stability of the co-localized enzymes 
for sustainable activity with multiple uses. Looking forward, the design of sustainable and re-
usable multi-enzyme biocatalysts would lead to both scientifically exciting research as well 
as economically viable designs for next generation catalysts and biosensors. 
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Table 6-1comparison of co-localization approaches developed in this dissertation 
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Chapter 7 Ongoing work and future directions 
The enzyme co-localization strategies developed in this work have been 
demonstrated using the GOX-HRP system, but can potentially be applied to  a wide range of 
enzyme systems. Therefore, work is ongoing to extend the validity of this approach to 
multiple enzyme co-localization systems, as described below. Progress to date on these 
fronts is provided below. 
7.1 Multi-enzyme co-localization for flavan-3-ol biosynthesis 
 Introduction and background 7.1.1
Flavon-3-ols are natural products that are members of the flavonoid family, which are 
powerful antioxidants that have been implicated as major contributors to cardio-protective 
and anti-cancer properties.1 They are rich in foods such as green tea, blueberry, grape and 
dark chocolate.2,3 Previous research has shown that the biosynthesis of flavon-3-ols involves 
two key enzymes that work sequentially: anthocyanidin synthetase (ANS) and anthocyanidin 
reductase (ANR). Specifically, these reactive oxy-cation containing substances are derived 
from other flavonoid metabolism pathways via anthocyanidin intermediates, formed from 
leucoanthocyanidins by the 2-oxoglutarate- and iron-dependent dioxygenase ANS, and 
reduced to form flavan-3-ols by the NADPH-dependent ANR.4,5 However, in the presence of 
ANS alone, products rich in oxidized flavonols are produced, with only a small fraction of 
cyanidin, which is the substrate for ANR.6,7 The leucocyanidin, the substrates for ANS 
enzyme, which are produced in the upstream reaction catalyzed by  DFR, are very unstable. 
Meanwhile, considerable insights have recently been obtained by cloning studies and 
mechanistic investigations of the individual DFR, ANS and ANR enzymatic genes4,5,8 leading 
to the likelihood that DFR and ANS are complexed with ANR in vivo. Such a metabolic 
enzyme complex (or metabolome) would then be expected to allow specific transfer of the 
anthocyanidin oxy-cation intermediate directly from ANS to the subsequently acting enzyme. 
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Therefore, it is believed that the rapid transport of anthocyanidin oxy-cation intermediate 
from ANS to the subsequent enzyme ANR could prevent further oxidation by ANS, which 
can be realized when ANS is complexed with ANR. However, no biological evidence has 
been reported to demonstrate the complex between DFR, ANS and ANR. Here, we propose 
to use confinement within a nano-carrier to achieve an equivalent “complexation” effect. 
Specifically, by confining DFR, ANS and ANR within a nano-carrier, transfer of the reactive 
oxy-cation anthocyanidin intermediate will be optimized (Figure 7.1). 
 Materials and Methods 7.1.2
Chemicals 
Cyanidin chloride, epicatechin NADPH were purchased from Sigma-Aldridge (St. 
Louis, MO).  Methanol (MeOH), acetonitrile N-Hydroxysuccinimide (NHS) and 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) were from Fisher Scientific 
(Hampton, NH). 200 nm 4% (w/v) C-PS nanoparticles were purchased from Invitrogen 
(Carlsbad, CA). ANR enzyme was supplied by our collaborator, Prof. Reuben Peters, at 
Iowa State University. All aqueous solutions were prepared using purified water from 
Thermo Scientific’s Barnstead Nanopure Ultrapure Water System. 
HPLC analysis and data integration 
HPLC analysis used an Agilent1200 series machine and a C18 reverse phase 
column with UV detection at 260 nm and 280 nm for detecting epicatechin and cyanidin 
chloride. Twenty µL samples were injected at a flow rate of 0.5 mL /min. The product peaks 
were identified by retention time using standard solution as reference.  The products were 
quantified by comparing the areas under the peak with that of standards. 
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ANR activity assay 
In 1 mL ANR solution, 200 µL of 10 mM NADPH, appropriate cyanidiin chloride stock 
solution, and reaction buffer were mixed and preheated to 30oC using a water bath prior to 
addition of enzyme solution. To initiate the reaction, 20 µL of 4 mg/mL ANR was added and 
the reaction solution was incubated for 30 min. The reaction was stopped by adding 2 mL 
ethyl acetate and separated by brief centrifugation, which was repeated three times. 
Nitrogen gas was used to dry the ethyl acetate, and the remained extracted products were 
re-dissovled into 100 µL MeOH for HPLC analysis. 
ANR attachment on PS nanoparticles 
The PS nanoparticles were activated by 40 mg/mL NHS in the presence of 20 
mg/mL EDC. The free carboxylic acid end groups on the particle surface formed a sub-
stable NHS ester.  Then, approximately 1.5 mg of ANR was added and incubated for 2 h at 
4 oC. The unattached proteins were separated by centrifugation and repeated until no free 
enzyme were found in the supernatants by using UV-Vis spectrophotometry. The resulting 
samples were further lyophilized overnight for characterization by X-ray photoelectron 
spectroscopy (XPS). 
XPS analysis 
XPS analysis was used to determine the amount of ANR attached on the surface of 
the nanoparticles. The original data was acquired using a PHI 5500 Multi-technique system 
(Physical Electronics, Chanhassen, MN). Standard aluminum source was used with carbon 
as reference for charge correction. Blank nanoparticles were used as controls. High-
resolution C1s peaks were collected and fitted used CasaXPS software (RBD Instruments, 
Bend, OR). Binding energies were referenced to the aliphatic hydrocarbon peak at 285.0 eV. 
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 Preliminary Results 7.1.3
Optimization of mobile phase for HPLC analysis 
By comparing two different solvents used for cyanidin and epicatechin standards in 
HPLC analysis, it was found that the original solvent (MeOH)5 produced split peaks during 
analysis by HPLC, making quantitation questionable. This problem was solved by using the 
HPLC mobile phase as the solvent (Figure 7.2).  
Epicatechin calibration 
To enable quantification of the epicatechin, which is produced in the ANR assay, the 
mobile phase was used as solvent in preparing standards. Detectors at 254 nm and 280 nm 
were compared and it was found that the quantitation was more sensitive at 280 nm. The 
detection limit was found to be ~0.125 µg. Epicatechin was kept frozen at -80 oC between 
analyses and was found to be stable. Reproducible calibration curves were obtained with 
standards stored for at least a week under these conditions. Figure 7.3 shows the 
epicatechin calibration curve constructed with two different detectors. 
ANR kinetics studies 
ANR activity was measured at cyanidin concentrations ranging from 6-300 µM to 
determine kinetic parameters. A double reciprocal plot of 1/V against 1/S was constructed 
as shown in Figure 7.4 to obtain the Km and vmax values using Michaelis-Menten kinetics. 
The precision between the Km and vmax values obtained in replicate assays (Table 7.1) was 
poor, which is likely due to losses during the process of separating, purifying and 
concentrating the products. However, the values are in the same molar range as values 
reported in the literature.5 It is also possible that substrate inhibition of the enzyme at high 
cyanidin concentrations may have occurred, as reported elsewhere.5 
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XPS characterization of ANR attachment onto PS nanoparticles 
XPS spectra provided elemental atomic concentrations on the PS nanoparticle 
surface as indicated in Table 7.2. The free enzyme and blank PS particles showed a C/O 
number ratio of 3.17 and 6.18, respectively. After attachment, the C/O ratio on the particle 
surface decreased to 3.49, which is in between the respective values for the free enzyme 
and the blank nanoparticles. The nitrogen concentration on the ANR-PS particle surface 
was 10.74, which is also in between that of the free enzyme and blank PS nanoparticles. 
These data provide indirect evidence of ANR attachment to PS nanoparticles.  
To further investigate the carbon composition of each sample, the C1s spectra were 
fitted with four main components based on aliphatic hydrocarbons at 285.0 eV (C1), ether 
and amine groups at 286.5 eV (C2), carbonyl and amide groups at 288.2 eV (C3), and ester 
and carboxylic acid groups at 289.1 eV (C4). As shown in Table 7.3, the C3 (amide peak) of 
the PS-ANR sample falls in between that of the blank PS nanoparticles and ANR, which 
suggests that the PS nanoparticle surface is covered by a protein, resulting in an increase in 
the amide bond peak. Correspondingly, in these samples, the carboxylic acid groups on the 
surface (i.e., C4) decreased because they are consumed during protein attachment. Finally, 
the blank PS nanoparticles showed the largest fraction of aliphatic hydrocarbon bonds (C1) 
at 285.0 eV as expected and the pure ANR contained the largest fraction of ether and amine 
groups (C2) at 288.2 eV. 
 Future work 7.1.4
The immobilization of individual DFR, ANS and ANR will be investigated using PS 
nanoparticles as a starting point. The attachment will be optimized to maintain the activity of 
the immobilized enzymes. DNA directed co-localization will also be used to co-localize DFR, 
ANS and ANR on nanoparticles. It is expected by co-localizing DFR, ANS and ANR, the 
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highly reactive oxy-cation containing substances can be mediated to maximize the yield of 
flavon-3-ols.  
7.2 AgAS enzyme system 
 Introduction 7.2.1
As an alternative to the ANS-ANR MEC, Abeitadiene Synthase from Abies grandis 
(AgAS) is also being investigated. Abietadiene synthase is known to catalyze a two-step (i.e., 
class II (protonation-initiated) and class I (ionization initiated)) cyclization reaction at 
separate active sites in resin acid biosynthesis, resulting in a mixture of abietadiene double-
bond isomers.9 In the class II protonation-initiated cyclization, the stable bicyclic 
intermediate copalyl diphosphate is synthesized from the universal diterpene precursor 
geranylgeranyl diphosphate. In the class I magnesium ion-dependent reaction, the tricyclic 
perhydrophenanthrene-type backbone is generated via a diphosphate ester ionization-
initiated cyclization, which is coupled, to a 1,2-methyl migration that generates the C13 
isopropyl group characteristic of the abietane structure by intermolecular proton transfer 
within a transient pimarenyl intermediate. The co-localization enzymes are the mutants that 
carry the two reactions. The product profile produced by the native enzyme varies as a 
function of pH, which is expected to be different upon co-localization. The final product is 
tunable and controlled as with other coupled multi-enzyme systems.9–12 
 Materials and Methods 7.2.2
Chemicals 
NHS and EDC were purchased from Fisher Scientific (Hampton, NH). AgAS 
enzymes were supplied by our collaborator, Prof. Reuben Peters, at Iowa State University. 
All aqueous solutions were prepared using purified water from Thermo Scientific’s 
Barnstead Nanopure Ultrapure Water System. 
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AgAS attachment on nanoparticles 
The poly(1,6-bis-(p-carboxyphenoxy)hexane) (CPH) or poly(CPH) nanoparticles 
were fabricated using an anti-solvent precipitation method as described previously.13,14 The 
AgAS enzyme was attached to the free carboxylic acid group on the poly(CPH) nanoparticle 
surface via covalent binding. In 1mL AgAS storage buffer (50mM disodium phosphate, 300 
mM NaCl, 10% MgCl2, 10% glycerol and 1 mM DTT),10 mg of nanoparticles were 
suspended and activated by 40 mg/mL NHS in the presence of 20 mg/mL EDC. 
Approximately 1.5 mg of AgAS was added and incubated for 2 h At 4 oC. The unattached 
proteins were separated by centrifugation and repeated until no free enzyme were found in 
the supernatants by using UV-Vis spectrophotometry. The resulting samples were further 
lyophilized overnight for characterization by X-ray photoelectron spectroscopy (XPS). 
XPS analysis 
XPS analysis was used to determine the amount of ANR attached on the surface of 
the nanoparticles. The original data was acquired using a PHI 5500 Multi-technique system 
(Physical Electronics, Chanhassen, MN). Standard aluminum source was used with carbon 
as reference for charge correction. Blank nanoparticles were used as controls. High-
resolution C1s peaks were collected and fitted used CasaXPS software (RBD Instruments, 
Bend, OR). Binding energies were referenced to the aliphatic hydrocarbon peak at 285.0 eV. 
 Preliminary Results 7.2.3
Nanoparticle fabrication and characterization  
Initial studies conducted by Prof. Peters’ laboratory indicated that the anhydride 
monomer CPH is suitable in terms of maintaining a high product yield. Thus, poly(CPH) 
nanoparticles were used as a preliminary candidate for immobilizing AgAS. The 
nanoparticles before and after enzyme immobilization were characterized by SEM as shown 
in Figure 7.5. The morphologies and size of the particles did not change after enzyme 
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attachment. The nanoparticle sizes were in the range of 200 to 900 nm. These observations 
will be corroborated with dynamic light scattering. XPS analysis provided elemental atomic 
concentration on the particle surface (Table 7.4). The free enzyme and blank poly(CPH) 
particles exhibited a C/O number ratio of 2.33 and 3.24, respectively. No nitrogen was found 
on the blank particles as expected. After attachment, the C/O ratio on the particle surface 
decreased to 2.79, which is in between the value of the free enzyme and that of the blank 
particles. The nitrogen concentration was 9.98, which is also in between that of the free 
enzyme and the blank particles. These data provide indirect evidence of AgAS attachment. 
To further quantitatively evaluate the carbon bond composition of each sample, the C1s 
spectra were obtained as described before. As shown in Table 7.5, the value of the C3 
(amide peak) of the poly(CPH)-AgAS sample falls in the range between that of poly(CPH) 
and AgAS, which suggests the presence of protein on the nanoparticle surface, accounting 
for the increase in amide bond formation. As expected, the carboxylic acid groups (C4) 
decreased because they are used for attaching the proteins. 
 Future Work  7.2.4
The AgAS enzyme co-localization will be investigated along with the individual 
mutant immobilization. These enzymes are known to not assemble into an enzymatic 
complex, and the intervening intermediate is not reactive. Nevertheless, these provide a 
reasonable alternative for incorporation of enzymatic biocatalysts into the proposed nano-
carrier platforms. The activity of the co-localized enzymes will be compared with that of the 
native enzymes.  
7.3 Sclareol biosynthesis 
In Nature, multi-enzyme co-localization concepts can be also used to control 
biosynthetic pathways and enhance the desired reaction efficiency. Sclareol, as starting 
material in synthetic approach, is a type of chemical compound that has great commercial 
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value for synthesizing Ambergis,  which can be used as fragrance product in cosmetics, 
perfume and even flavoring in food industry. Sclaerol, typically exists in the plant Salvia 
sclarea, where two types of enzymes catalyze two types of reaction- class II and class I 
reactions, are very critical in mediating the sequential pathway as illustrated in figure 7.6.15 
Previous research results have indicated that the two distinct class enzymes were indeed 
single enzyme scarrying two functions.16 We are investigating our biosynthetic approach to 
co-localize the two enzymes on nanocarriers to mimic this naturally occurring MEC, which 
can potentially improve the product yield significantly and lead to industrial applications. The 
broad goal of this work is to design bioinspired MECs in vitro using materials-based 
approaches to co-localize enzymes on nanocarriers. 
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Figure 7.1Scheme of cascade reactions catalyzed by DFR, ANS and ANR 
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Figure 7.2 HPLC profile of epicatechin and cyanidin-Cl in MeOH (left) and mobile phase (Right). Note split 
peaks due to use of MeOH as the solvent for the standards. HPLC profile of epicatechin and cyanidin-Cl. 
Replacing MeOH with mobile phase as the solvent for the standards eliminates formation of split peaks. 
Mobile Phase: Mixture of 10 parts 1% HCOOH in acetonitrile + 90 parts 1% HCOOH in water.  
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Figure 7.3 HPLC calibration profile for epicatechin. Elimination of split peaks improves quantitation. As 
little as ~0.125 µg of epicatechin was reliably and reproducibly detected.  
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Figure 7.4 Determination of Km and Vmax for A. thaliana ANR using cyanidin-Cl as a substrate. 
Concentration range for cyanidin-Cl was from 6-300 µM. Epicatechin was detected by HPLC. 
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Figure 7.5 SEM images of polyCPH (left) and polyCPH-AgAS (right). 
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Figure 7.6 Biosynthesis pathway of sclareol with involvement of NgCPS and sSsSS enzymes. 
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Table 7-1Km and Vmax values for cyanidin-Cl and epicatechin, respectively. 
 
 
 
 
 
 
 
 
Literature values: Km: 74 µM; Vmax: 10 nMole/min/mg ANR protein (Xie et al, Arch. Biochem. Biophys. 
422:91 (2004)). 
 
 
 
Table 7-2 Elemental analysis of ANR-conjugated nanoparticles using XPS 
 Sample  C%  N%  O%  C/O  
ANR 66.55 12.46 20.99 3.17 
PS 85.5 0.31 13.84 6.18 
PS-NHS 78.07 4.53 17.4 4.49 
PS-ANR 69.36 10.74 19.9 3.49 
 
 
 
 
 
 
Trial 
# 
 
Km for Cyanidin-Cl 
(µM) 
 
Vmax for Epicatechin 
(nM/min/mg ANR) 
2 21.1 1.46 
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Table 7-3 Quantification of components fitted to of C1s spectra 
  ANR PS PS-NHS PS-ANR 
C1 64.46 94.76 88.56 71.83 
C2 19.4 0 4.53 13.95 
C3 15.37 0 5.6 14.05 
C4 0.76 2.01 1.31 0.17 
C5   3.23     
 C1: Aliphatic hydrocarbon                                                                  285.0 eV 
 C2: Ether and amine groups                                                                  286.5 eV 
 C3: Carbonyl and amide groups                                                   288.2 eV 
 C4: Ester and carboxylic acid groups                                                   289.1 eV 
 C5: Aromatic shake-up due to π-π transition on the aromatic rings        291.7 eV 
 
 
 
 
Table 7-4 Elemental analysis of AgAS-conjugated nanoparticles using XPS 
 Sample C% N% O% C/O 
AgAS 60.62 13.28 25.98 2.33 
poly(CPH) 76.42 0.00 23.58 3.24 
poly(CPH)-NHS 76.42 1.08 22.42 3.41 
poly(CPH)-AgAS 65.88 9.98 23.58 2.79 
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Table 7-5Quantification of components fitted to C1s spectra 
Component* poly(CPH) AgAS 
poly(CPH)-
NHS 
poly(CPH)-
AgAS 
C1 72.64 62.46 75.79 66.66 
C2 23.45 22.79 17.48 19.71 
C3 0 14.13 3.36 10.86 
C4 3.91 0.61 3.38 2.77 
 
 
